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THE FATE OF NITROGEN UNDER AN ANIMAL URINE PATCH 
by 
Patricia M. Fraser 
A lysimeter study was conducted to determine the fate of lSN-labelled urine applied to a 
pasture soil. The influence of subsoiling upon the fate of the nitrogen was also measured and 
the accuracy of selected soil nitrogen models tested, 
A total of twelve undisturbed soil monolith lysimeters (800 mm diameter x 1100 mm 
deep) were extracted from an established pasture. Six of the lysimeters were sampled from an 
area which had previously been subsoiled to an average depth of 450. mm. The other six 
lysimeters were sampled from a non-subsoiled area of the same paddock. All of the lysimeters 
were installed in an underground lysimeter laboratory, which enabled normal environmental 
conditions to be maintained during experimentation. The edge of each lysimeter was sealed to 
prevent preferential water flow or root growth. 
On 11th July 1990, a two litre solution of synthetic urine, containing the equivalent of 
500 kg N ha-1 labelled with 5 atom % 15N was applied evenly to the surface of each individual 
lysimeter, thus simulating a dairy cow urination event. Simulated rainfall (10 mm) was applied 
immediately after the urine to ensure that significant volatilisation losses of ammonia did not 
occur. 
i 
During the following year, the pasture was harvested periodically in order to determine the 
efficiency of urine nitrogen recovery by the pasture plants. Leachate samples were collected 
from each lysimeter after each 0.05 pore volume of drainage had occurred. A high leaching 
scenario was created by supplementing the received natural rainfall to bring the total water 
inputs up to the 75 th percentile of the 100 year rainfall distribution over the winter and spring. 
During the summer months, border-dyke flood irrigation was simulated, as per common district 
practice. 
ii 
One full calendar year following the urine application, each lysimeter was carefully 
dissected into 50 mm depth increments and the amount of 15N remaining in the soil and roots 
was determined. A complete urine-15N mass balance was therefore possible. 
Subsoiling had no significant effect upon the amount of recovery of applied nitrogen by 
the pasture plants. Over the year of the experiment, an average of approximately 40% of the 
applied nitrogen was recovered by the pasture on both treatments. 
A non-linear regression model, the logistic function, was used to test for significant 
differences between treatments for both the amount of drainage and the amount of nitrogen 
leached from each lysimeter. A significantly greater amount of water was found to have drained 
from the subsoiled (SS) as opposed to the non-subsoiled (NS) lysimeters (SS = 648 mm ; NS = 
517 mm). Almost twice as much 15N was recovered in the leachate of the subsoiled lysimeters 
when compared with the non-subsoiled lysimeters (approximately 16% and 8% of the applied 
nitrogen respectively). A significantly higher amount of 15N was also recovered in the soil in 
the subsoiled lysimeters at the end of the experiment (SS = 26% ; NS = 20%). 
Overall, a greater amount of the applied 15N was able to be accounted for at the end of the 
experiment in the subsoiled lysimeters (SS = 81 % ; NS = 72%). A smaller amount of the 
applied 15N was therefore presumed t~ have been lost by denitrification in the subsoiled 
lysirneters (SS = 19% ; NS = 28%). This was attributed to the increased aeration status which 
resulted from the subsoiling operation. Differences in drainage rates and in soil water potentials 
supported this hypothesis. 
The accuracy of prediction of four selected simulation models was tested by comparing 
nitrate leaching losses measured in the experiment with those predicted by the models. 
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CHAPTER ONE: GENERAL INTRODUCTION 
In recent years, as agricultural practices have become increasingly intensive, much 
attention has been given to the role of the nitrogen cycle in agriculture. In Europe, for example, 
concern has been raised over the ever increasing use of nitrogen fertilisers and the subsequent 
effects upon the environment. In New Zealand, however, farmers tend not to use nitrogen 
fertilisers to the same extent as other intensive farmers around the world. Instead, they tend to 
rely more heavily upon biological nitrogen fixation by legumes as their main source of nitrogen. 
At the same time, however, New Zealand farmers generally tend to stock their paddocks at high 
rates. Consequently, the amounts of faecal and urinary returns are high per unit area of land. 
Urine patches can contain localised concentrations of 5000 to 10000 mg N 1"1. An 
equivalent of between 400 and 1200 kg N ha-1 can therefore be found in one urination from a 
cow (Jarvis and Pain, 1990). 
Tile pasture cannot readily assimilate these large amounts of nitrogen and, as a result, 
extensive leaching combined with gaseous losses of ammonia can occur from urine patches. For 
example, Ball and Ryden (1984) reported leaching losses as high as 200 kg N ha-1 yr-1 where 
excessive stocking rates were used. Where the pasture is irrigated there is a particularly high 
potential for nitrate leaching both due to the higher stocking rates and the larger volume of 
drainage. 
A review of the literature (Chapter 2) indicated that there is a serious lack of knowledge 
concerning the amounts of nitrogen loss and the ultimate fate of nitrogen under an animal urine 
patch. No studies were reported which completely described the fate of urine nitrogen under an 
animal urine patch. Also reviewing the literature, Hughes et al.(1986) stated that no research 
has been carried out to examine methods for decreasing leaching losses from urine patches, or to 
devise methods for increasing the recovery of nitrogen contained in urine. 
Recent research at Lincoln University (Greenwood and Cameron, 1990) has shown that the 
process of subsoiling can significantly increase the depth and density of plant roots in the soil 
profile. Since plant uptake removes nitrate from the soil solution, it therefore reduces the 
potential for nitrate leaching from the soil profile. A hypothesis was therefore proposed that 
subsoiling could be used to increase plant recovery of urine nitrogen and subsequently reduce 
the leaching loss under urine patches. This hypothesis required testing. 
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Taking all of these facts into consideration, the following main objectives were proposed 
for this project: 
Objectives: 
(i) To determine the fate of urine-nitrogen applied to a pasture soil. 
(ii) To measure the influence of subs oiling on the fate of nitrogen under an 
animal urine patch. 
(iii) To assess the influence of subsoiling on plant growth and the efficiency 
of urine-nitrogen recovery. 
(iv) To test the accuracy of prediction of selected nitrogen simulation models 
by comparing predicted values against those from experimental results. 
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CHAPTER TWO: LITERATURE REVIEW 
2.1 INTRODUCTION 
The presence of nitrogen (N) and its compounds in the biosphere is essential for 
the maintenance of life. Nitrogen plays a fundamental role as an indispensable elementary 
constituent of all amino acids, protein coenzymes, nucleic acids, chlorophyll and growth 
hormones. It is therefore one of the most widely distributed elements in nature, being 
present in the four recognised spheres of the earth - the lithosphere, atmosphere, 
hydrosphere and biosphere. 
Consequently, the literature on nitrogen is voluminous and divergent, and therefore 
the following review will concentrate mainly upon the nitrogen cycling which occurs in a 
grazed dairy pasture (Figure 2.1). 
A brief review of the effects of subsoiling on soil conditions and plant growth will 
also be given to introduce the use of this cultivation technique in pasture systems. 
NH+ 
4 
exchange 
Animal Plant 
uptake uptake 
0---.. 
Figure 2.1 The Nitrogen Cycle in a grazed pasture. 
(Redrawn from MCLaren and Cameron, 1990). 
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2.2 THE NITROGEN CYCLE IN GRAZED PASTURE 
2.2.1 FORMS OF NITROGEN IN SOIL 
The soil contains only a minute fraction «1.5 x 10-4%) of the lithospheric nitrogen 
(Stevenson, 1986), and of this soil N, only a very small proportion is actually available to 
plants. The total nitrogen content in soilcan range from more than 2.5% in peats to less 
than 0.02% in subsoils (Bremner, 1965). 
The three major forms of nitrogen that are found in soil are: 
(i) Organic nitrogen - which is associated with the soil humus and also with 
the dead and dying plant and animal residues. More than 90% of soil N 
is in the organic form and therefore unavailable for plant growth until it 
has been mineralised (Section 2.2.3.1). 
(ii) -Ammonium nitrogen - held in the 2: 1 clay minerals such as vermiculite, 
illite and montmorillonite, in a non-exchangeable "fixed" form (Bremner, 
1959; Section 2.2.3.3). 
(iii) Soluble inorganic nitrogenous compounds - "mineral N" - such as NH4 +-
N, N02--N and N03--N. The inorganic nitrogen fraction is the only form 
which is available for plant uptake and usually accounts for less than 2% 
of the total nitrogen content of soil (Melillo, 1981; Woodmansee et al., 
1981; Haynes, 1986). 
In most grasslands, mineral nitrogen is less than 0.5% of the total nitrogen in the 
system, except for some unknown amount that can be fixed as ammonium (NH/) in clay 
minerals and can be presumed to be in equilibrium with the exchangeable ammonium 
(Nommik, 1965; Kowalenko and Cameron, 1976). 
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2.2.2 INPUTS TO THE NITROGEN CYCLE 
2.2.2.1 Atmospheric 
Mineral nitrogen may be added to the soil through the processes of wet and dry 
deposition. In wet deposition, soluble nitrogenous gases ( e.g., nitrogen dioxide [N02] and 
ammonia [NH3 J) and particulate matter containing mineralN are removed from the 
atmosphere by precipitation. It has been estimated that in rural areas of New Zealand less 
than 1 kg N ha-1 yr-l is added to the land by precipitation (Steele, 1982b). Estimates of 
nitrogen input by precipitation in other countries are generally <10 kg N ha-1 yr-l but can 
exceed 20 kg N ha-1 yr-l (Legg and,Meisinger, 1982). 
2.2.2.2 Biological nitrogen fixation 
The process of biological nitrogen fixation is the most important means by which 
inorganic molecular nitrogen in the atmosphere is fixed and converted to an inorganic 
form. The process involves the reduction of atmospheric N2 to ammonia by bacteria, 
using the enzyme system nitrogenase "(Child; 1981)~ 
In agricultural soils, the symbiotic association between the bacteria of the genus 
Rhizobium and members of the plant family Leguminosae (legumes) contributes the 
greatest amount of biologically fixed nitrogen. The quantity of nitrogen fixed by 
Rhizobium symbiosis in temperate agricultural soils has been estimated to lie in the range 
of 50 - 300 kg N ha-1 yr-l (Burns and Hardy, 1975; Ball, 1982; Hoglund and Brock, 
1987). By contrast the estimates for the quantity of N produced by the non-symbiotic, 
free-living soil bacteria are only 0.4 to 0.8 kg N ha-1 yr-l (Burns and Hardy, 1975). 
The amount of nitrogen which is fixed per unit area depends upon the proportion 
of legume in the sward; soil nitrogen status; additions of nitrogen fertilisers; and also the·" 
presence of the essential nutrients Phosphorus (P), Sulphur (S), Molybdenum (Mo) and 
Potassium (K) (Ball and Field, 1982; Keeney and Gregg, 1982). 
The symbiotic fixation of atmospheric nitrogen by Rhizobia, in nodules on the" " 
roots of clover has become a key factor in the establishment and maintenance of intensive 
grassland systems in New Zealand (Steele, 1982a). 
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2.2.2.3 Fertilisers 
Most nitrogen fertilisers are based on ammonia produced by the Haber-Bosch 
Process. Hydrogen and nitrogen are combined in a 3:1 ratio at elevated temperature (300 
- 500°C) and pressure (400 - 1000 atmospheres) in the presence of a catalyst (e.g. reduced 
iron). 
(2.1) 
Hauck (1981) estimated that global inputs of fertiliser nitrogen are in the order of 
30 to 60% of those supplied by biological nitrogen fixation (Section 2.2.2.2). 
Compared with other countries, only relatively small amounts of nitrogen fertilisers 
are applied to pastures in New Zealand. When fertilisers are used the rates of application 
to pastures in New Zealand generally range from 30 to 100 kg N ha-1 yr-l (M'Laren and 
Cameron, 1990). 
2.2.2.4 Plant residues 
In most terrestrial ecosystems, significant transfer of nitrogen depends upon the 
cycling through animals or upon the death and decay of legume herbage, roots or nodules 
(Vallis, 1978). 
A major amount of energy and nitrogen is supplied to the soil by the litter, which 
originates from both above and below-ground parts of plants (Staaf and Berg, 1981; 
Haynes, 1986). The decomposition of the plant tissues enables the nitrogen held within 
their structure to be released into the soil for reuse by plants. Therefore, in many 
agricultural ecosystems, the process of litter decomposition represents a very important 
link in the nitrogen cycle (Flo ate , 1981). 
Variations in the nitrogen content of plant material are found between different 
plant species, plants of differing ages and between the components of individual plants. 
The nitrogen content can therefore range from 0.1 % to 6% (Haynes, 1986). The roots and 
nodules of white clover, for example, contain approximately 1.5% and 6% N respectively 
(Scott, 1984). 
After the death of the legume, or following the normal sloughing off of roots and 
nodules, nitrogen can be liberated into the soil by the process of mineralisation (Scott, 
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1984; Haynes, 1986; Section 2.2.3.1). 
The internal cycling, of nitrogen within plants is also an important consideration in 
the nitrogen cycle. Before short-lived physiologiCally active organs such as flowers and 
leaves are shed, much of the nitrogen is usually withdrawn. In grasslands, translocation of 
nitrogen from dying tissues to perennial or actively growing tissues results in the 
conservation of approximately 30-60% of the total nitrogen in living tissue (Clark, 1977; 
Woodmansee et al., 1978; Haynes, 1986). 
Leaching of nitrogenous compounds from leaves by rain and also the decay of 
leaves and decapitated petioles may also contribute to the above ground transfer of 
nitrogen, but there is little information available for pastures. 
2.2.2.5 Animal returns 
In grassland, the nitrogen cycle is greatly influenced by the presence of grazing 
animals (Flo ate , 1981; O'Connor, 1981; Ryden, 1985). The animals consume much of the 
herbage which is produced and also return a significant proportion of the consumed 
nitrogen, either directly in dung and urine patches, or indirectly when the farmer spreads 
slurries from housed animals (Jarvis et al., 1989). The rest of the nitrogen contained in 
the consumed herbage may either be retained by the animal, used in the production of 
milk, or be transferred to non-productive areas (e.g. raceways) during animal defecation 
and urination. 
Depending upon the nutrient content of the diet, the nutrient partitioning of the 
nitrogen excreted by the grazing animal can vary considerably (Barrow, 1987), and 
consequently varies widely between farming systems. However, for cows the amount of 
nitrogen found in the faeces does not tend to vary with intake (Latinga et al., 1987), with 
a usual excretion of about 0.8 g N 100 g-t dry matter consumed regardless of the nitrogen 
content of the feed (Barrow and Lambourne, 1962; Barrow, 1987). Conversely for urine, 
Barrow and Lambourne(1962) found that the proportion of nitrogen increases with the 
amount of nitrogen in the diet. Petersen et al. (1956) found that around 75% of the total 
consumed nitrogen normally passes out of the animal. Around 60-65% of this excreted 
nitrogen is to be found in the urine (van der Meer, 1982; Latinga et al., 1987; Van Vuuren 
and Meijs, 1987). 
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The chemical composition of the excreta may vary with the age, condition and 
size of the animal, as well as varying with the composition of the feed (Salter and 
Schollenberger, 1939; Doak, 1952; Whitehead, 1970, 1986; Haynes and Williams, 1992b). 
Consequently, for individual animals grazing on the same pasture, the nutrient content can 
vary considerably. Indeed for individual animals on different days and at different times 
on the same day large differences may be found (Hutton et a1., 1965, 1967; Paquay et al., 
1970a; Betteridge et al., 1986). 
Senft et al. (1987) also found a strong relationship (r = 0.79) between the amount 
of nitrogen contained in the consumed herbage and the concentration of nitrogen found in 
the urine. The nitrogen concentration of urine tends to lie in the range of 8 -15 g N I-I 
(Whitehead, 1970), although the level varies with factors such as the nitrogen content of 
the diet and the volume of water consumed. Safley et al. (1984) reported a mean 
concentration of 11.5 g N I-I for urine. These high concentrations of nitrogen in urine 
mean that one urination from a cow for example, may contain an amount of nitrogen 
which is equivalent to between 400 and 1200 kg N ha- I (Jarvis and Pain, 1990), often in 
an area of less than 0.5 m2 (Table 2.1). 
TABLE 2.1 The ground surface area covered by a dairy cow urination. 
REFERENCE AREA COVERED BY A URINATION 
(m2) 
Petersen et aZ. (1956) 0.28 
During and MeN aught (1961) 0.26 
Davies et aZ. (1962) 0.19 
Hogg (1968) 0.18 
Richards and Wolton (1976) 0.49 
Steele (1982b) 0.42* or 0.55** 
Williams et al_ (1990) 0.16 
(* = area wetted; ** = area affected) 
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TABLE 2.2 The mean number of urinations per day and the volume of a single 
urination by a dairy cow. 
REFERENCE MEAN NUMBER OF MEAN VOLUME OF A 
URINATIONS PER DAY SINGLE URINATION 
(litres) 
Castle et al. (1950) 9.8 -
Hancock (1950) 10.1 -
Goodall (1951) 11.0 -
Doak (1952) - 1.6 
Hardison et al. (1956) 9.4 -
Petersen et al. (1956) 8.0 -
Davies et al. (1962) 10.0 2.2 
Wardrop (1963) 12.1 -
Frame (1971) 11.0 1.9 
Robertson (1972) 10.0 2.0 
Steele (1982b) - 1.6 
(adapted from Haynes and Williams, 1992b) 
Generally, over 70% of the nitrogen in urine is present as urea (NHzCONHz), with 
the rest being made up of amino acids and pep tides (Doak, 1952; Bathurst, 1952). The 
proportion of urine nitrogen present as urea increases as the digestible nitrogen intake 
increases (Topps and Elliot, 1967). Of the amino acid fraction of nitrogen (approximately 
22%), glycine [HzN.CHz.COOH] is the principal compound, representing around 98% of 
the total amino-N content (Bathurst, 1952). A considerable portion of this glycine is 
bound (approximately 55%) as either hippuric acid [C~N03] (extractable with ethyl 
acetate) or in a non-extractable form. There appears to be no relationship between the 
amino-N content of the urine and that of the feed (Bathurst, 1952). 
For cattle, the reported number of urinations commonly ranges between eight and 
twelve per day (Table 2.2), but grazing conditions and environmental factors can greatly 
influence this number. The variation may be attributed to factors including: the quantity 
of water ingested (Paquay et al., 1970a,b); the water content of the herbage (Doak, 1952); 
the season of the year (MacDiarmid and Watkin, 1972; Senft, 1987); and variations in the 
air temperature (e.g. cows will consume greater quantities of water in hotter weather, thus 
increasing the number of urinations) (Betteridge et al., 1986). 
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The ground surface area wetted during a urination tends to be smaller than the area 
which is actually affected by the urination (Doak, 1952; Lotero et al., 1966). Factors 
contributing to this effect include the type of soil, the moisture content of the soil at the 
time of urination and earthworm activity (Sears, 1953), as well as diffusion processes in 
the soil and the lateral spread of roots (Whitehead, 1986). In the literature, estimates of 
the ground surface area for a urine patch range from 0.16 - 0.68 m2 for a dairy cow (Table 
2.1). One of the reasons for this variation may be as a consequence of the method of 
measurement used in each case, since some workers measured the areas wetted by the 
urine (e.g. Petersen et al., 1956; Davies et al., 1962), whilst· others measured the areas of 
pasture that were visibly affected (Lotero et aI., 1966). Whitehead, (1986) estimated that 
the area influenced by urine is more than twice the area which is actually wetted, due to 
diffusion processes in the soil and also to the lateral spread of roots. 
The urine is not uniformly deposited on the soil surface, with the amount 
decreasing linearly from the centre to the periphery of the urine patch (Lotero et al., 
1966). When urine was applied at the rate of 0.2 litre S·l [ the urination rate recorded for a 
cow by Goodall (1951)], Williams et al. (1990) found preferential movement of up to 48% 
of the applied urine below 15 cm depth after 20 minutes. 
Scorching and/or death of pasture may sometimes occur following an animal 
urination, in both moist and dry conditions (Richards and Wolton, 1975). The extent of 
the pasture scorch was shown to be closely correlated with the nitrogen concentration of 
the urine (Quin, 1977) and in particular with the urea content of the urine. The extent of 
the damage to the pasture was greater from cows with more concentrated urine. 
Increasing the fluid intake of cattle reduces the potential damage due to scorch, as the 
ionic strength and nitrogen concentration of the urine is decreased. 
The volume of urine excreted is strongly correlated with the volume of water 
intake (Paquay et at., 1970a, b) and consequently urinary volumes are much greater on 
hotter days (Betteridge et al., 1986). Seasonal differences in urinary volumes can also 
occur (Vereoe, 1962). Estimates of the mean volume of a single dairy cow urination are 
given in Table 2.2, with the mean volume ranging from 1.6 - 2.2 litres. However, as 
pointed out by Haynes and Williams (1992b), these mean values are subject to 
considerable variation, since Doak (1952) found a mean volume of 1.6 litres, derived from 
measurements ranging between 0.85 - 2.85 litres. 
The pattern in which nitrogen is returned to the pasture in both dung and urine is 
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spatially non-unifonn (Quin, 1982). The stock behaviour (e.g. stock camping) and stock 
management can greatly influence the pattern of return. Some fanners use separate 
paddocks for day [between morning and evening milkings] and night time grazings 
[between evening and morning milkings] (Haynes and Williams, 1992b; Williams, 1987). 
In such a regime, a transfer of fertility has been observed from day to night paddocks 
(Sears, 1950, 1956; Hancock and MCArthur, 1951). The night paddocks can become grass 
dominant through high nitrogen returns and conversely the day paddocks become more 
clover dominant due to lowering of the soil nitrogen status (Haynes, 1981). Some workers 
reported that a greater proportion of ingested nitrogen is excreted at night compared with 
day time (Castle et al., 1950; Waite et al., 1951; Hardison et al., 1956). However, others 
have found no difference in the amount excreted between day and night (Goodall, 1951; 
Hancock and ~Arthur, 1951) and attribute the differences to the fact that cows are 
generally held in night paddocks for a longer period than in the day paddocks (Hancock, 
1950). In addition there is also a tendency for the night paddocks to be closer to the 
milking sheds, smaller than the day paddocks and grazed more often than those used 
during the day (Haynes and Williams, 1992b). 
Day and Detling (1990) found that although urine patches covered only 2% of their 
study site, they provided 7% of the biomass and 14% of the nitrogen consumed by the 
animals. 
Experiments rarely consider two or more pathways of the nitrogen cycle 
simultaneously, which makes it difficult to assemble a comprehensive picture of nitrogen 
behaviour (Smith et al., 1990). There are consequently no studies reported in the literature 
which completely describe the fate of urine-N under an animal urine patch. 
2.2.3 NITROGEN CYCLING WITHIN THE SOIL 
2.2.3.1 Mineralisation and immobilisation 
The conversion of organic nitrogen to inorganic nitrogen is known as 
mineralisation, and the reverse process as immobilisation. Both mineralisation and 
immobilisation are carried out simultaneously by large numbers and many types of micro-
organisms. Hence the rate of inorganic nitrogen production is· a net value of two 
concomitant processes. 
The rate of mineralisation is affected by environmental parameters including 
moisture, temperature, pH and the amount of available carbon in relation to nitrogen [the 
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C:N ratio of the soil organic matter]. For organic residues, the C:N ratio is an important 
factor, which expressed as a ratio by weight, is relatively constant for different soils under 
a wide range of management conditions (Wild, 1988). Residues with a low C:N ratio 
«10) allow nitrogen to be mineralised (Bartholomew, 1965). Soil organic nitrogen tends 
towards a C:N ratio of about 10: 1, presumably because this is the C:N ratio of the 
microbial biomass (Alexander, 1965). 
The biomass is thought to contribute substantial amounts of nutrients to the pool of 
metabolisable carbonaceous material in the soil (Anderson and Domsch, 1980; Marumoto 
et al., 1982; Paul, 1984; Haynes 1986). A detailed account of the processes involved in 
mineralisation can be found in Jenkinson and Ladd (1981). 
Immobilisation, the assimilation of nitrogen into the micro-organisms cell material, 
can influence the nitrogen nutrition of plants severely if there is a high C:N ratio in the 
organic materials being decomposed by the micro-organisms. The immobilisation process 
does not, however, constitute a permanent loss of nitrogen - since the subsequent death of 
the micro-organisms results in the mineralisation and return to the soil pool of the 
immobilised nitrogen (Wild, 1988). 
During transformations of nutrients such as nitrogen applied as urea in the urine 
patch, a portion may be rapidly immobilised by the microbial biomass into organic 
nitrogen forms. In a simulated urine patch, Keeney and MacGregor (1978) observed that 
13% of 15N urea was recovered in the organic form after only seven days. Whitehead and 
Bristow (1990), however, found that the incorporation occurred much more slowly. Using 
15N labelled cattle urine they observed a slow incorporation of the 15N during the initial 
16 days following application of the urine, with only 6.3% being recovered in the 
microbial biomass after this time. 
2.2.3.2 Nitrification 
The nitrification process is initiated largely by the autotrophic bacteria 
Nitrosomonas with the formation of nitrite by the oxidation of ammonium (Wild, 1988): 
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This is an acidifying process since two moles of W ions are produced per mole of 
ammonium oxidised. 
In soils, five genera of Nitrobactereacae are known to be capable of oxidising 
ammonium to nitrite. These genera are Nitrosomonas, Nitrosococcus, Nitrosospira, 
Nitrosolobus and Nitrosovibrio - all of which are obligate autotrophs (Haynes, 1986). 
Once formed, the nitrite is quickly oxidised producing nitrate. Only one genus 
Nitrobacter winogradskii is known to carry out this transformation (Wild, 1988): 
N02" + ~02 --+ N03" .................... (2.2) 
The obvious prerequisite for nitrification in a soil is the presence of a nitrifying 
population together with an ammonium substrate (e.g. urine, fertiliser). The rates of the 
reactions are influenced by factors including: pH; the soil moisture status; the 
concentration of dissolved 02; the size of the population of the appropriate micro-
organisms; and temperature (Haynes, 1986). With high ammonium concentrations and 
high pH, such as found in the urine patch (Section 2.2.4.2), nitrification can be inhibited 
(Haynes, 1986). The oxidation of nitrite is depressed to a greater extent than ammonium 
oxidation, with the result that nitrite can occasionally accumulate in the urine patch 
(Holland and During, 1977; Vallis et al., 1982), although it is generally only found in 
small quantities «1 Jlg N g-1) (Morrill and Dawson, 1967). 
The lower soil pH limit for autotrophic nitrification is generally found to be around 
pH 4.5 (Sarathchandra, 1978; Sahrawat, 1982). At soil pH greater than 7.5, toxic levels of 
ammonia may result in the inhibition of nitrification, due to the inactivity of Nitrobacter 
with the resulting accumulation of nitrite (Morrill and Dawson, 1967). 
The optimal temperature range for nitrification is between 25 and 35°C 
(Kowalenko and Cameron, 1976). Addiscott (1983) found that in the UK nitrification 
rates decreased significantly below 4 - 5°C. In New Zealand, Holland and During (1977) 
reported that nitrification of urine-N was not appreciable until seven days after the 
urination event and that at temperatures of 7.5 - lOoC the nitrification continued to be 
slow and was not complete until after 60 days. In contrast, at temperatures above 15°C, 
the rate was rapid and once initiated was finished after 30 days. 
The soil moisture status has a considerable influence upon nitrification, both by 
itself and through its effect upon aeration. At low moisture contents the microbial activity 
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is depressed and mineralisation of organic nitrogen will be slow, thus reducing the amount 
of ammonium substrate available. The maximum rate of nitrification occurs at soil 
moisture potentials in the range of -10 kPa (Sabey, 1969) to -33 kPa (Malhi and MCGill, 
1982). Nitrifiers have been shown to produce appreciable amounts of nitrate even at 
"pennanent wilting point" [-1500 kPa] (Sabey, 1969). In a saturated soil, the shortage of 
oxygen results in nitrification either being absent (Sabey, 1969; Malhi and MCGill, 1982) 
or operating at a very slow rate (Sabey, 1969). 
When dry soils are rewetted - even by small amounts of precipitation -
mineralisation of soil organic nitrogen occurs, which is accompanied by a flush of 
nitrification and a temporary accumulation of nitrate in the soil (Campbell et al., 1975; 
Campbell and Biederbeck, 1982). 
The rate of nitrate accumulation in the urine patch varies greatly depending upon 
soil and environmental conditions (Watson and Lapins, 1969; Holland and During, 1977; 
Thomas et al., 1988). Under very dry summer conditions, Sherlock and Goh (1984) found 
that only 20 -23% of urine-N had been converted to nitrate after 41 days. However, under 
wann temperate conditions nitrate is often the major fonn of nitrogen present in the urine 
patch after 3 to 5 weeks (Ball et al., 1979). Similarly, in a recent experiment using small 
undisturbed cores of pasture soil, Haynes and Williams (1992a) found that approximately 
15 days following the application of previously frozen sheep urine to the cores, nitrate was 
the dominant fonn of mineral N present. 
Although the autotrophic nitrifiers have been thought to be the most predominant 
agents of nitrification, there have been a number of reports of ammonium oxidation, or at 
least nitrate production by heterotrophic organisms. These organisms include bacteria, 
fungi and actinomycetes (Focht and Verstraete, 1977), There have also been reports of 
chemical oxidation of nitrite to nitrate (Bartlett, 1981). 
Very high rates of nitrification of up to 350 mg of nitrate-N per kilogram of soil 
per day are possible in soils with adequate buffering capacity (Wild, 1988). The rates 
reported for heterotrophs are usually less than one tenth of those reported for autotrophs 
and so it is unlikely that significant quantities of nitrate are thus generated by this 
mechanism in most natural systems (Focht and Verstraete, 1977). However, in extreme 
alkaline or extreme acid conditions, where autotrophic nitrification will be reduced, it is 
possible that heterotrophs might make a significant contribution (Verstraete and Alexander, 
1973). 
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Using computer-simulation, Barraclough and Smith (1987) estimated the amount of 
nitrification which occurred when labelled 15N fertiliser was applied to grass lysimeters. 
At a fertiliser application rate of 250 kg N ha-1 yr-l, nitrification levels ranged from 13 to 
19 kg N ha-1 over 160 days, whilst at a rate of 900 kg N ha-1 yr-l they found that between 
191 and 232 kg N ha-1 were nitrified. 
2.2.3.3 Fixation and adsorption processes 
The predominantly negative charge on organic matter and clay particles attracts and 
holds the positively charged cations such as Ca2+ (calcium), K+ (potassium) and NH4 +, by 
the process of cation exchange (Thomas, 1977; Talibudeen, 1981). There is, however, 
little tendency for the negatively charged nitrate ion to become chemically adsorbed by 
most temperate soils , although nitrate adsorption does occur in some tropical and/or 
volcanic soils which have a significant anion exchange capacity. This is due to the 
presence of .certain types of clay, iron and aluminium oxides, hydroxides and allophane 
(Black and Waring, 1976a,b,c). 
In addition, ammonium can be bound selectively to the 2: 1 clay minerals, such as 
illites, vermicullites and montmorillonites, in a non-exchangeable "fixed" form. 
The equilibrium between soil solution and fixed ammonium can be represented as 
follows (Nommik and Vahtras, 1982): 
Solution 
NH4+ 
fast slow 
very 
slow 
H Exchangeable H Intermediate H 
NH+ NH+ 4 4 
Fixed 
NH + 
4 
Soils rich in 2: 1 minerals therefore often contain appreciable amounts of 
ammonium in a "fixed" form, which according to Mengel and Kirkby (1987) may 
represent as much as 2000 - 3000 kg N ha-1. Other workers have estimated that the 
amounts of "fixed" ammonium range from nil in sandy surface soils to over 1000 ~g N g-l 
in clay subsoils (Young, 1962; Hinman, 1964; Aldag, 1978; Young and Aldag, 1982). 
Mengel and Scherer (1981) found that as much as 100 - 300 kg N ha-1 of the fixed 
N was released during the growing season and entered the nitrogen cycle of the soil. 
Carran et al. (1982) concluded that fixation and adsorption of ammonium-N could be 
regarded as an environmentally desirable process, as it quickly removes ammonium-N 
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from solution and releases it slowly. This in turn helps to ensure a more even supply of 
nitrogen throughout the growing season (Nommik and Vahtras, 1982). 
It is also possible for adsorption and fixation of ammonia to occur in soils. When 
nitrogen is applied to soils as aqueous or anhydrous ammonia (NH3), adsorption and 
fixation reactions can become important. These reactions are discussed in detail by 
Broadbent and Stevenson (1966). 
2.2.4 LOSSES OF NITROGEN 
2.2.4.1 Plant uptake, animal and crop removal 
plant-available 
In the soil, the usual sources of nitrogen are NH4 + and N03 - ions. As the A 
concentration of nitrate in most agricultural soils is usually higher than the ammonium 
concentration, the main source of nitrogen for non-leguminous crop plants is nitrate. 
Uptake of nitrogen can be affected by the pH of the soil, since plants grown in 
either ammonium or nitrate regimes change the pH of their medium. The media 
containing the anionic nitrate becomes more alkaline due to the excretion of OH- ions 
upon uptake of N03-, and the media with cationic NH/ becomes more acidic due to the 
release of H+ ions during uptake of NH/ (Haynes and Goh, 1978). The uptake of nitrogen 
has also been shown to be affected by carbohydrate supply (Michael et aI., 1970). Once 
absorbed, ammonium can immediately be used to synthesise organic nitrogen compounds. 
This may be viewed as a detoxification process since high levels ammonium can be toxic 
to plants. At such levels, depletion of carbohydrates due to synthesis of amino acids and 
amides may occur. Consequently, the carbohydrate supply may be of some importance in 
ammonium nutrition. Nitrate is not as toxic as ammonium and may be accumulated in root 
vacuoles or translocated to the shoots. However, it must be reduced before it is 
assimilated, so unlike ammonium it is less affected by carbohydrate supply. Most of the 
nitrogen taken up is converted to protein, but nitrate can accumulate if uptake is excessive. 
Clarkson and Warner (1979) observed that the uptake of nitrogen was affected by 
temperature. Italian ryegrass (Lolium multiflorum) took up ammonium more rapidly than 
nitrate at temperatures below 14°C (Clarkson et al., 1986). Uptake of nitrate was found to 
be negligible below 8°C, yet ammonium was still taken up at temperatures as low as 3°C. 
Under most field situations, grass growth is limited by the supply of nitrogen. 
Normally, an increase in pasture growth is noted in a urine patch, and this is commonly 
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attributed to a response to the high amounts of nitrogen contained in urine (Section 
2.2.2.5). This response nonnally lasts for 2 - 3 months (Nonnan and Green, 1958; During 
and MCNaught, 1961; Ledgard and Saunders, 1982; Ledgard et ai., 1982; Thomas et al., 
1988) or slightly longer depending upon the time of year the urine is applied. For 
example, Vine (1983) and Ledgard et al. (1982) found the response lasted 4 months after 
an autumn/winter application. 
Ledgard et al. (1988), using 15N, found that the time of application of nitrogen was 
also an important parameter to consider. They found that 5 - 6 months after a May 
application of 15N labelled urea, only 58% of the applied nitrogen was recovered in the 
plants and soil, whilst under similar experimental procedures after an August application, 
99% of the applied nitrogen was recovered. The high recovery following the August 
application was thought to be associated with rapid plant uptake and immobilisation by the 
soil microbial biomass. 
Using 15N-Iabelled nitrogen fertilizer, Powlson et al. (1986) found total recoveries 
(both crop and soil) of 22 - 61 % in the top 0 - 50 cm depth of soil on six microplots (2 x 
2 m) on the Broadbalk: Wheat Experiment site in England. Also using microplots (30 cm 
diameter x 20 cm depth), Dowdell and Crees (1980) reported a recovery of 60 - 67% of 
applied 15N during the flrst year and in a similar experiment Bristow et al. (1987) found 
54.7% of the applied 15N was recovered in the herbage. 
Increases in dry matter yields of pasture following nitrogen application have been 
shown to range from 1.1 to 7 fold (During and MCNaught, 1961; Thomas et al., 1988) 
with the response to urine nitrogen or fertiliser being greatest during spring and autumn 
(Dale, 1961; Ball and Field, 1982). Low temperatures in winter and low moisture in 
summer are not conducive to rapid pasture growth. 
For grass/clover swards, the yield response to nitrogen is almost entirely from grass 
(Dale, 1961; Ledgard and Saunders, 1982). The auxin content of urine may depress clover 
(Doak, 1952) and clover is also a poor competitor with grass for mineral nitrogen 
(Haynes, 1981). Therefore, in the urine patch, grass usually becomes the dominant 
component of the sward as the vigorous grass growth shades the clover and suppresses its 
growth (Mundy, 1961; Ball et al., 1979; Ledgard et al., 1982). However, Nonnan and 
Green (195~) found that a single application of urine had a negligible effect upon the 
botanical composition of a pasture sward. 
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The amount of nitrogen fixation by clover also decreases in the urine patch (Ball et 
ai., 1979; Ledgard et al., 1982) due to the inhibitory effects of high soil mineral nitrogen 
on the N2 fixation by Rhizobium bacteria. Willoughby (1954) also suggested that the 
application of nitrogen to clover decreases the capacity of clover root nodule bacteria to 
excrete nitrogen. 
Reduction in clover growth is influenced by the time of the application, frequency 
and severity of defoliation (Holliday and Willman, 1962; O'Connor, 1981), as well as the 
clover content of the sward (Ball and Field, 1982). However, reduced clover growth does 
not always occur after nitrogen application (Harris et ai., 1973; Ball et al., 1976; Steele, 
1976). 
The recovery of urinary nitrogen by plants in temperate grasslands is generally 
30% or less (During and MCNaught, 1961; Ball et al., 1979; Ledgard et ai., 1982; 
Saunders, 1984). However, Whitehead and Bristow (1990) suggested that urine N 
recovery in a cool, moist New Zealand winter may be up to 50%, whilst in a warm dry 
summer it may be as low as 10%. Thomas et al. (1988) reported a recovery of only 17% 
of the applied nitrogen in the pasture, whilst Ball et ai. (1979) found that applications of 
300 kg N ha-1 and 600 kg N ha-1 gave apparent recoveries of 37% and 22% respectively 
in the pasture. 
Rattray (1978) found that the average annual pasture production in Waikato (North 
Island, NZ) was approximately 17 t DM ha-1 yr-1, and for Southland (South Island, NZ) 
was 12 t DM ha-1 yr-l. Holmes (1982) and Bryant et al. (1982) also generalised that dairy 
pastures (grass and clover) in New Zealand, receiving no nitrogen fertiliser, can produce 
about 12 - 16 t DM ha-1 yr-l. Radcliffe and Baars (1987) found in the South Island of 
New Zealand that pasture production in the range of 15 - 16 t DM ha-1 yr-l was being 
attained. By comparison, average pasture production values for Britain and Ireland lie in 
the range of 6 to 7 t DM ha-1 yr-l (Gordon, 1979; Williams, 1980). On average, grass-
clover swards receiving no nitrogen have been found to yield approximately the same as 
grass only swards receiving 150 - 200 kg N ha-1 (Morrison, 1981). 
Under conditions conducive to active growth and for vegetative growth at grazing 
heights in leaves (blades and petioles) an optimum level for nitrogen in perennial ryegrass 
may be given as approximately 4.5 - 5.0%, and for white clover 4.8 - 5.5% of dry matter 
(Cornforth and Sinclair, 1984; Scott, 1984). 
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Thus annually, the dairy cow can remove a large quantity of nitrogen as it _grazes -
the equivalent of 0.75 t N ha-l yr-l where 15 t DM ha-1 yr-1 is consumed and where the .. 
pasture contains a mean of 5.0% N. Senft et al. (1987) reported.th.at8% of the consumed 
N was retained by the animal on a year round basis. Van der Meer (1983) showed that 
16% of the total nitrogen input (525 kg N ha-l yr-l) could be accounted for in milk 
production and liveweight. Similarly, Ryden et al., (1984) found that less than 20% of 
nitrogen applied to grassland systems was recovered by the ruminant, and Safley et al. 
(1984) reported that only 17% of the ingested nitrogen was removed as milk from dairy 
cows. 
2.2.4.2. Gaseous losses 
A: number of processes contribute to gaseous losses of soil nitrogen: these include 
ammonia. volatilisation, biological denitrification, chemodenitrification and nitrification, as 
well as reactions of nitrite with soil components. 
Amnionia volatilisation 
Ammonia volatilisation is the term commonly used to describe the process by 
which gaseous NH3 is released from the soil surface to the atmosphere. 
Soil urea, originating from either animal urine or applied fertilisers; undergoes 
hydrolysis catalysed by the enzyme urease to form ammonium bicarbonate and hydroxide 
ions (Jarvis and Pain, 1990): 
urease 
CO(NH2h + 3H20 ~ 2NH4+ + HC03- + OH- .......... (2.3) 
Localised areas of high pH are thus found at the site of hydrolysis (Haynes al1d 
Sherlock, 1986). The high pH environment alters the equilibrium between NH/ and 
NH3 in favour of NH3(aq)' which can then be lost as NH3 gas. Haynes and Williams 
(1992a) reported that hydrolysis of urine-urea was extremely rapid, and in less than one 
day high concentrations of NH/-N had already accumulated in the surface 0 - 2.5cm of 
the soil. Over the same period, the soil pH had risen by one unit. Sherlock and Goh 
(1984) calculated half-lives of urine-urea as 3.0 and 4.7 hours under summer and autumn 
conditions respectively. Carran et al. (1982) observed that some 80% of the total 
volatilisation of urine-N as NH3 occurred over the initial 3 days. 
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Once ammonium is produced, it can be adsorbed onto cation exchange sites. 
However, NH4 + ions in soil solution can also enter into equilibrium reactions with 
ammonia (Haynes and Sherlock, 1986), and some of it may also become "fixed" in clay 
lattices (Section 2.2.3.3). 
The factors governing the process of volatilisation have been extensively reviewed 
by Tennan (1979), Nelson (1982), Haynes and Sherlock (1986), Jarvis et al. (1989) and 
Jarvis (1990). These factors include the soil water content, soil pH; soil temperature; 
buffering capacity and cation exchange capacity of the soil; windspeed; atmospheric 
ammonia gas concentrations; crop height and density; and also the application rate of 
fertiliser, faeces or urine. 
Where initial soil moisture conditions are favourable for rapid urea hydrolysis, it 
has been shown that the addition of water (a minimum of approximately 8 mm) following 
urea application results in major reductions in the amount of NH3 volatilisation loss (Black 
et al., 1987). Similarly, Whitehead and Raistrlck (1991) showed that volatilisation was 
reduced when an application of synthetic urine was followed by simulated rainfall. The 
reduction was larger with increasing rainfall, and decreased as the period of time between 
urine application and water application increased. 
Working with some other nitrogenous constituents of urine as well as urea ( 
namely allantoin [C4H6N40 3], creatinine [C4H7N30], hippuric acid [C9~N03] and 
creatine [C4~N302])' Whitehead et al., (1989) found that the presence of hippuric acid 
had a marked effect upon the rate and extent of volatilisation. However, the other 
constituents listed above had little effect. They found that the presence of hippuric acid 
increased the rate of volatilisation particularly during the first two days after application. 
They concluded that a solution containing urea (10 gN rl) plus hippuric acid (0.25 gN t 1) 
and adjusted to pH 8 was much closer to cattle urine in the extent and pattern of ammonia 
volatilisation over 8 days than was urea alone. 
Results from volatilisation studies reported in the literature indicate that 
volatilisation losses can represent between 3 - 27% of applied urine-N in the UK 
(Whitehead, 1990), 4 - 18% in The Netherlands (Vertregt and Rutgers, 1987) and from 12 
to 38% in New Zealand (Ball et al., 1979; Sherlock and Goh, 1984). Losses by ammonia 
volatilisation from urine patches on grazed pastures may therefore be considered relatively 
high, with some workers reporting losses up to 60% of applied urea-N (Harper et at., 
1983; Simpson and Steele, 1983; Sherlock and Goh, 1984). 
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Additional information on volatilisation can be found in publications by Mosier and 
Heinemeyer (1985); Bock and Kissel (1988); and Freney et al. (1983, 1988a, 1988b). 
Denitrification 
Denitrification is a major biological process through which nitrogen from the soil is 
returned to the atmosphere (Payne, 1981; Firestone, 1982; Colbourn and Dowdell, 1984; 
Hauck, 1986; Smith and Arrah, 1990). When soils become waterlogged, oxygen is 
excluded and anaerobic decomposition takes place. Some anaerobic organisms have the 
ability to obtain their oxygen from nitrate and nitrite with the accompanying release of N2 
and N20. The pathway of this N-oxide reduction can be represented as follows: 
NO -3 
Nitrate 
NO -2 
Nitrite 
[NO] 
Nitric 
oxide 
N20 
Nitrous 
oxide 
N2 
Nitrogen 
gas 
A number of bacterial species are capable of biological denitrification. These 
include: Pseudomonas; Mirococcus; Denitrobacillus; Spirillum; Bacillus; Achromobacter; 
and Paracoccus (Knowles, 1981). The presence of these denitrifiers in surface soils may 
be regarded as ubiquitous (Payne, 1981), since their density frequently exceeds one million 
per gram of soil (e.g. Gamble, 1977; Jacobson and Alexander, 1980) and higher 
concentrations are found in the rhizosphere (Alexander, 1977). They obtain their energy 
and cellular C from organic substrates (Tisdale, 1985) and are predominantly facultative in 
that they use the oxygen of nitrite, nitrate or oxides of nitrogen as a H+ ion acceptor, only 
in the absence of free oxygen (Valera and Alexander, 1961). A comprehensive list of these 
bacteria is given by Knowles, 1981. 
If denitrification is to take place, all of the following prerequisites have to be met 
simultaneously: the presence of sufficient readily available organic material; an adequate 
nitrate supply; soil pH between 4 and 8; soil temperatures not lower than 5°C; and 
reduced oxygen availability (Payne, 1981; Firestone, 1982; Fillery, 1983; Chalamet, 1985; 
Haynes and Sherlock, 1986; Tiedje, 1988; Rheinbaben, 1990). Denitrification rates 
measured in the field normally show great spatial and temporal variability, due to changes 
to these regulating factors (Folorunso and Rolston, 1984; Parkin et al., 1985; Parkin et al., 
1987; Myrold, 1988; Johnsson and Jansson, 1991; Klemedtsson et al., 1991; Svenssonet 
al., 1991). The nitrogen thus produced escapes from the soil surface into the atmosphere 
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as gaseous nitrogen (N2), together with a much smaller proportion of the nitrogen as 
nitrous oxide gas (N20) (Steele, 1987). The emission of gaseous N2 from grasslands may 
be several times greater than that of N20 (Ryden, 1981; Limmer and Steele, 1982). 
However, the amount of N2 emitted relative to N20 may be reduced due to: low carbon 
availability (Focht and Verstraete, 1977; Smith and Tiedje, 1979); an increase in 02 partial 
pressure (Krul and Veeningen, 1977); high nitrate concentrations (Blackmer and Bremner, 
1978); as well as low pH and low temperatures (Nommik 1956). Most of the losses by 
biological denitrification occur from the surface layer of mineral soils, but can occur from 
deeper horizons in organic soils (Limmer and Steele, 1983). 
From the small amount of data available, it appears that these gaseous losses of 
nitrogen vary considerably. Colbourn and Dowdell (1984) generalised that direct and 
indirect estimates of losses of N2 plus N20 from soils ranged from 0-20% of the fertiliser 
applied to arable soils and 0-7% on grassland soils. However, Hauck (1981) estimated on 
the basis of selected balance data that as much as one third of the fertiliser applied world-
wide might be lost through denitrification. 
High rates of denitrification are favoured by warm, wet conditions, when soil 
nitrate levels are high (Garrett, 1991). Klemedtsson et.al., (1991) found that changes in the 
rates of denitrification were largely attributed to changes in soil moisture and to nitrate 
availability. Mineralisation of soil organic matter is stimulated when dry soils are rewetted 
(Birch, 1958; Sorensen, 1974; Jaeger and Bruins, 1975), so diurnal and seasonal variations 
in soil moisture levels may also stimulate denitrification in grassland soils. Similarly, 
nitrate levels may be elevated owing to the recycling of nitrogen through the grazing 
animal, resulting in relatively high levels of denitrification under grazing conditions 
(Ryden, 1984). Colbourn (1992) found that the denitrification from native soil nitrogen 
was low«0.02 kgN ha- l day-l), but an addition of ammonium nitrate to the soil caused a 
rapid ten fold increase. Colbourn therefore estimated from this laboratory work with soil 
cores that field denitrification losses could range from 3 kgN ha-l yr-l where there was 
neither added nitrogen nor grazing, to 20 kgN ha-l yr-l or more from a grazed pasture 
with 200 kgN ha-l yr-l fertiliser nitrogen. 
In mass balance studies in agroecosystems, losses of applied fertiliser nitrogen due 
to denitrification have been reported to be in the range of 2 to 73% of applied fertilisers 
(Rosswall, 1977). Relatively high rates of denitrification (>0.2 kg N ha-l day-l) have also 
been found to be associated with soil nitrate contents exceeding 5 mg kg"l (Ryden, 1983). 
As yet, however, there is still considerable uncertainty about the seasonal or yearly 
emissions of dinitrogen and nitrogen oxides from soils (Smith et al., 1990). 
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Chemodenitrification 
Chemodenitrification commonly describes various chemical reactions of nitrite ions 
(NO£) within soils (Clark, 1962). Nitrite does not usually accumulate in soil, except 
when, for example, nitrogenous fertilisers that form alkaline solutions upon hydrolysis (Le. 
urea, ammonium salts and anhydrous and aqua NH3) are band applied to soils, or in 
nitrate treated soils as an intermediate of denitrification. Nitrite has been found to 
accumulate in urine patches on grazed pastures where large amounts of urea-N are 
deposited over a small surface area (Vallis et al., 1982). The presence of the nitrite 
provides a mechanism for gaseous nitrogen to react with soil components to form nitrogen 
gases (e.g. N2, N20, NO, N02). It has been shown that these gases can be of a non-
biological origin, since they can be evolved from sterilised soil to which nitrite has been 
added (Haynes and Sherlock, 1986). It is therefore likely that the process of 
chemodenitrification is significant only where nitrite accumulates in soils. Factors which 
favour this accumulation and hence promote chemodenitrification have been reviewed in 
detail by Nelson (1982) and Chalk and Smith (1983). 
The magnitude and significance of chemodenitrification has still to be established 
and as yet few attempts have been made to measure the losses of NOx gases from soil 
(Haynes and Sherlock, 1986). 
2.2.4.3. Erosion and surface runoff losses 
Soil erosion can result in significant amounts of soil being washed or blown away 
with their associated nitrogen and other plant nutrients (Winteringham, 1984). The extent 
of the loss depends mainly upon plant cover, topography, inherent soil stability, the 
intensity of wind and run-off events, as well as cultivation and management practices. 
Losses tend to occur once the protection of the natural plant cover has been reduced or 
removed. 
Losses of soluble nitrogen (ammonium, nitrate and organic N) in surface runoff are 
generally small; not usually exceeding 5% of the input (Cameron and Haynes, 1986). 
Consequently, under the fully developed plant cover found in most intensively managed 
grasslands, the runoff and sediment losses of nitrogen are usually negligible (Kilmer et al., 
1974; Chichester, 1977; Woodmansee et al., 1981). 
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2.2.4.4. Leaching losses 
It was estimated in 1970 that 8.5 million tonnes of leached nitrogen was discharged 
into the world's oceans (Dix, 1981). Reeves (1975) confinned that concentrations of 
nitrate were rising in sources of drinking water and that the rate of increase was rapid in 
many groundwaters. Investigations have also shown that there is a direct correlation 
between the increase in nitrates in some natural waters and the area of arable land adjacent 
to them (Dix, 1981). In 1977, for example, the River Thames contained five times as 
much nitrate as It did in 1948 (Dix, 1981). 
Nitrate leaching from soil represents not only an economic loss to the farmer and a 
waste of energy, but can also be a serious environmental and health hazard (Bryson, 
1984). Nitrate leaching results in the accumulation of nitrate in groundwater, and can 
contribute to the eutrophication process in lakes and streams (Kumm, 1976). High 
concentrations of nitrate in drinking water and foodstuffs (particularly vegetables) are 
considered a health hazard. The ingested nitrate can be converted to nitrite in the 
digestive tract and may result in a blood disorder, methaemoglobinaemia, especially in 
infants (Vigil et al., 1965) and ruminants, and may also result in the formation of 
carcinogenic nitrosamines in the digestive tract. Medical substantiation of these findings 
is, however, rather inconclusive, with a great deal of contradiction in the literature. 
Nevertheiess, the World Health Organisation (W.H.O.) recognised nitrate pollution of 
drinking water as a health hazard in 1970, and they devised a set of regulations with 
which public water authorities should comply. In 1978 the W.H.O. recommended an upper 
limit of 11.3 mg N ri. In 1984, the concentration of nitrate-N in bore and well waters in 
many areas of New Zealand exceeded that limit (Steele, 1984). Adams et at. (1979), in a 
survey of household groundwater wells (in Canterbury, NZ), found that a number of the 
wells contained nitrate-N levels in excess of the 1978 W.H.O. recommendations, and were 
able to conclude that some of the agricultural practices were contributing to the nitrate-N 
load in the groundwater. O'Connor (1974) suggested that the high nitrate concentrations 
in drainage waters in New Zealand were largely a result of grazing animals. 
More recently, a new European Community (BC) Drinking Water Directive 
(80/778/EC) was passed which aims to control the quality of potable water in the EC 
(Cartwright et al., 1991). The directive states that the maximum allowable concentration 
which should not be exceeded is 11.3 mg N rl whilst it gives a guide value of 5.65 mg N 
ri. Consequently, agricultural restrictions are now being imposed on EC Member States, 
including restrictions on manure applications to levels set by livestock density and crop 
requirements. 
Nitrate leaching can be affected by a number of factors including: 
(i) season and climate (Garwood and Tyson, 1977; Wild and 
Cameron, 1980; Cameron and Haynes, 1986); 
(ii) soil texture and structure (Kolenbrander, 1969); 
(iii) soil nitrogen ( Kolenbrander,1981); 
(iv) plants and grazing animals (Kilmer et al.,1974; 
Kolenbrander, 1981; Ball and Ryden, 1984); and 
(v) irrigation (Turner, 1976); Burden, 1982). 
Amounts of nitrogen lost by leaching in grazed pasture systems 
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Losses by nitrate leaching have been reported to vary from 2 to 100 kg N ha-1 yr-1 
(Wild and Cameron, 1980; Hauck and Tanji, 1982; Ryden, 1984; Garwood and Ryden, 
1986). Losses from ungrazed pasture are considered to be small (Dowdell and Webster, 
1980). For example, Barraclough et ai. (1983) monitored the amount of nitrogen which 
leached from fertilised grassland plots in the U.K., and found that at a fertiliser application 
rate of 500 kg N ha-1 yr-1 a total of 27 kg N ha-1 of the applied fertiliser was leached over 
a three year period, with the majority of the leached N being derived from the soil. This 
represented approximately 33.5% of the total amount of nitrate which leached over that 
period. In New Zealand, losses of more than 100 kg N ha -1 have been measured from 
intensively grazed grasslands (Steele, 1982c; Steele et ai., 1984). In a field experiment on 
two 0.4 ha paddocks, leaching losses were estimated as 88 kg ha-1 and 193 kg ha-1 from 
an intensively grazed pasture receiving 0 and 172 kg N ha-1 yr-1 as urea respectively 
(Steele et at., 1984): 
However, the activity of the grazing animal has a large impact, with Ryden et ai. 
(1984) reporting nitrate losses by leaching below a grazed grass sward as 5.6 times greater 
than below a comparable cutsward. Intensive grazing of pasture has been found to 
markedly increase leaching losses to between 50 and 200 kg N ha-1 yr-l, especially where 
fertiliser rates are high (JarVii,T991);"Ledgard and Saunders (1982) observed that after 
applying urine at the rate of 740 kg N ha-1 to soil, more than 100 kg N ha-1 of that 
applied had moved to below a depth of 60 cm after 123 days. Whitehead and Bristow 
(1990) reported that at least 16% of the 15N labelled urine they applied had been leached 
over the winter. Others report leaching losses of up to 193 kg N ha-1 yr-1 under a urine 
patch (Holland and During, 1977; Goh et ai., 1979; Ball and Ryden, 1984; Steele et al., 
1984). 
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Lysimeter studies of nitrogen leaching losses 
A number of workers have used filled or 'repacked' lysimeters to measure leaching 
losses (e.g. Garwood and Tyson, 1973, 1977; Field et al., 1985; Martinez and Guiraud, 
1990), but as Monaghen et al. (1989) have shown, the results from 'repacked' columns 
cannot always be directly applied to field soils due to their lack of soil structure and their 
un-natural pore system. 
The use of undisturbed soil monolith lysimeters, however, is more reliable and 
allows for quantitative measurements from a defined soil volume (Wild and Cameron, 
1980). They also generally avoid the large variations associated with field studies since 
they give an integrated measure under a defined area. 
Using twelve monolith lysimeters (45 cm diameter, 110 cm deep) of stone-free 
loamy sand, Dowdell and Webster (1980) found that 2 - 5% of a fertiliser application of 
400 kg N ha-1, labelled with 15N, was leached from a perennial ryegrass pasture. 
Dowdell et al. (1984) reported an experiment involving ten undisturbed monolith 
lysirneters (80 cm diameter x 135 cm deep), cropped for 4 years with spring barley. 
Fertiliser, labelled with 15N, was applied to the surface of the lysimeters at rates of 0, 80 
and 120 kg N ha -1. Annual leaching losses from the lysimeters were found to be in the 
range 39 - 128 kg N ha-l, with the mean annual losses over the four year period being 
from 65 - 83 kg N ha-1. Over the four year period, 6.3 - 6.6% of the labelled 15N 
fertiliser applied was recovered in the leachate, representing 2 - 3% of the total N lost by 
leaching. 
Barraclough et al. (1984, 1985) also used monolith lysimeters (79 cm diameter x 
80 cm deep) in a three year investigation into nitrate leaching from grassland. They found 
that 0.14%, 3.1% and 18.1% of the applied 15N labelled fertiliser was recovered in the 
leachate from rates of 250, 500 and 900 kg N ha-1 respectively, whilst average total annual 
recoveries of N were equivalent to 99, 76 and 50% at these application rates. 
Bergstrom (1987) used three different sizes of monolith lysimeters and a range of 
15N fertiliser enrichment levels, and reported that approximately 10% of the nitrate leached 
from the lysimeters cropped with barley during the first year originated from the fertiliser. 
However, over the three years of his experiment a maximum of only 1.2% of the 15N -
labelled fertiliser was recovered in the leachate. 
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Another experiment using monolith lysimeters (79cm diameter, 135 cm deep) was 
reported by Wong et al. (1987) and Van der Kruijs (1988). An application of l5N labelled 
urea at the rate of 138 kgN ha-l yr-l was applied to each of eight lysimeters prior to the 
rainy season in Nigeria. Four of the lysimeters were cropped with maize followed by rice 
in each of two subsequent years. Over the 2 years of the experiment 29% of the added 
15N was recovered in the leachate. The total recovery of 15N in the crops, plus soil and 
leachate varied between 70 and 93%, with the highest crop uptake being 31 %. For 
comparison, measurements were made on a further set of four uncropped lysimeters at 
similar application rates. The loss of nitrogen in the drainage water from these uncropped 
lysimeters amounted to 81.4% of the applied 15N. This implied that depending upon the 
treatment for the cropped lysimeters, 10 - 30% of 15N was immobilised in the soil, about 
29% was lost in the leachate and 7 - 30% was lost via denitrification processes. 
There are no monolith lysimeter studies reported in the literature which describe 
the fate of urine nitrogen after its deposition on the soil. 
The principles of nitrate leaching 
In order for the process of nitrate leaching to occur, there must be nitrate present in 
the soil and downward water movement in the profile. Then, if it is assumed that steady 
state water conditions exist in a homogeneous, non-aggregated soil, and that there is no 
interaction between the nitrate ion and the soil (e.g. anion adsorption) nitrate movement 
can be described by a combination of three processes: convection; diffusion; and 
dispersion (Cameron and Haynes, 1986). 
(a) Convective transport 
Convection refers to solute movement due to mass flow of water alone. The 
water and solutes move in response to a hydraulic gradient and the rate of movement is 
dependent upon the magnitude of the hydraulic gradient and the hydraulic conductivity of 
the soil (Darcis law): 
q=Q 
A 
= _KdH ....................... (2.4) 
dx 
where q = flux; Q = volume of water; A = area; K = hydraulic conductivity; and dHldx = 
hydraulic gradient. 
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The convective flux of solutes carried (Je) is simply their concentration in the 
water, c, times the water flux, therefore (Hillel, 1980): 
dB Je = qe = -e(K dx) ............... ..... (2.5) 
We can compute an average apparent pore velocity, U, of the flowing solution, 
even although pores in soil vary greatly in size and tortuosity (Hillel, 1980): 
U = q/9 
where 9 = volumetric water content 
Convective transport may thus be described by the following equation (Cameron 
and Haynes, 1986): 
ac ac = -u- .................................... (2.6) at ax 
where c = concentration of nitrate; t = time; 
U = average pore velocity; and 
x = the linear distance in the direction of flow 
(b) Diffusion 
When there is an uneven distribution of solutes throughout a soil solution (e.g. 
when applied nitrogen fertiliser or a urination causes a high concentration of nitrate in the 
soil solution at the top of the soil profile), there is a diffusive flux of solute from areas of 
high concentration to areas of low concentration. 
In bulk water at rest, the rate of diffusion (Jd) is related by Pick's law to the 
gradient of the concentration (Hillel, 1980): 
de -Do dx ............................. (2.7) 
where Do= diffusion coefficient for the solute diffusing in bulk water; and dc/dx = 
concentration gradient. 
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For diffusion in the soil's liquid phase, the effective diffusion coefficient is 
generally less than the diffusion coefficient in bulk water, Do' This is because the liquid 
phase only occupies a fraction of the soil volume, and the soil's pore passages are 
tortuous, so that the actual path length of diffusion is significantly greater than the 
apparent straight line distance (Wild, 1981; Campbell, 1985; Cameron and Haynes, 1986). 
Naturally, solute diffusion can only occur in the fraction of soil volume occupied 
by water. This movement may thus be described by the following equation (Hillel, 1980): 
ac cPc - = Ds- ......................................... (2.8) 
at ax 2 
where Ds is the effective diffusion coefficient in soil. 
The diffusion coefficient of nitrate in soil at -1.0 kPa is approximately 10-1 cm2s-1 
(Nye and Tinker, 1977) and an average N03- ion would thus move approximately 0.5 cm 
per day. 
(c) Hydrodynamic dispersion 
Since there is a very wide range of pore sizes in most soils, the average value for 
the apparent pore water velocity, U, includes pores flowing extremely fast and carrying 
solutes large distances, and also small pores flowing extremely slowly and only carrying 
solutes small distances. Also, the rate of flow of solute within an individual pore varies 
due to.frlctional drag on the smface of the pore. Water moves faster through wide than 
through narrow pores, and faster in the centre of each pore than along its walls, some 
parts of the flowing solution moving ahead of other parts which lag behind (Figure 2.2). 
slow flow ~ 
" » solute pore fast flow • water walls 
» / slow flow ;:, 
Figure 2.2 Flow velocity gradient within a pore. 
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This microscopic non-uniformity of flow velocity in the soil's conducting pores 
thus results in the process called hydrodynamic dispersion. This process differs from 
diffusion in its mechanism, but tends to produce an analogous effect i.e. to mix and 
eventually to even out the concentration differences between different portions of the 
flowing solution. 
Path length through a pore also varies with tortuosity of the pore. Hence, all of 
these factors lead to the dispersion of solutes as they move through the soil, and result in 
a general spread of the moving band of solute (Figure 2.3). 
Added to the non-uniformity of velocity within each pore is the fact that pores vary 
widely in radius, over several orders of magnitude from 1 ~m to 1 mm for example. 
Poiseille's Law, states that the discharge Q (flow in volume per unit time) is proportional 
to the fourth power of the radius of the pore, R (Hillel, 1980): 
Q = 4R4.1p/811L ........... (2.9) 
Therefore a pore which has an effective radius of 1 mm will conduct a volume of 
water one million, million times greater than a pore having an effective radius of 1 J.UI1! 
(Hillel, 1980). 
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Figure 2.3 Effects of various processes upon solute leaching 
(Cameron and Haynes, 1986). 
If the convective velocity is sufficiently high, the relative effect of hydrodynamic 
dispersion can greatly exceed that of molecular diffusion. 
Mathematically, hydrodynamic dispersion can be described in a similar way to 
diffusion, but instead of a diffusion coefficient, a dispersion coefficient is introduced. 
(d) Combined solute flux 
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The combined effects of convection, diffusion and dispersion can be described by 
(Cameron and Haynes, 1986): 
Oc - u- ...................... (2.10) ax 
where E = the apparent diffusion coefficient or the 'dispersion coefficient' and 
E = Ds + mU, where m = dispersivity. 
Nielsen and Biggar (1963) and Passioura and Rose (1971) found that the value of 
E depended upon the flow velocity, usually increasing with values of U. 
The presence of blind soil pores and the effects of anion exclusion also tend to 
modify rates of solute movement through soils, particularly under conditions of high 
nitrate leaching rates (Wild and Cameron, 1980). 
Nitrate adsorption occurs in some soils due to the presence of certain types of clay, 
iron and aluminium oxides / hydroxides and allophane. When adsorption occurs, it retards 
the rate of nitrate leaching (Black and Waring, 1976a,b,c) and has previously been 
accounted for by the modification of leaching equations to include a retardation factor 
(Davidson and Chang, 1972). 
Nitrate can be generated in the soil (e.g. nitrification) and this further complicates 
the description of solute transport within the soil. 
In many soils there are cracks and biopores which can be several millimetres 
across, and through which rainwater flows quickly and carries nitrate (and other ions) with 
it (Bouma and Anderson, 1977, 1992; Omoti and Wild, 1979; Smettem et al., 1983; Wild, 
1988). Over half of the infiltrating water may move through the macropore system in a 
coarsely structured soil receiving a rapid application of water (Quisenberry and Phillips, 
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1976; Thomas et al., 1978). Where the infiltrating water contains a high concentration of 
nitrate, macropore flow will lead to extensive leaching at a faster rate than predicted by 
Equation 2.10. (Cameron and Haynes, 1986). Conversely, when nitrate is found present in 
the micropores of aggregates, it may be by-passed by the bulk of the flowing water, 
resulting in solute retention and a slower than predicted rate of leaching. 
Beven and Germann (1982) concluded that most soils contained some macropores 
and from summarizing the literature reported minimum equivalent diameters ranging from 
30 to 300 J.1m for these macropores. Although they generally comprise only a smail 
fraction of the total soil volume (0.1 - 5%), macropores can have a profound effect on the 
rate of inmtration and redistribution of water and solutes in soil. 
The effects on nitrate leaching of some of the processes outlined above are 
illustrated in Figure 2.3. 
2.3 ~ SUBSOILING 
Davies et al. (1982) defined the term 'subsoiling' as cultivation which extends to a 
depth of greater than 300 mm. For many years, subsoiling has been used to remove some 
limitation to crop growth e.g. to improve drainage and aeration or to disrupt a compacted 
layer in the soil. 
Spoor and Godwin (1978) considered that winged tine implements (Figure 2.4a) 
produce the most effective soil rearrangement at depth (Figure 2.4b). The degree of soil 
loosening achieved by subsoiling, is however, highly dependent upon the design and 
operation of a particular implement (Spoor and Godwin, 1978; Godwin et al., 1984). This 
thesis considers the use of such a winged tine implement. 
Figure 2.4a A schematic diagram of a winged subsoiler. 
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Figure 2 Ab Soil disturbance caused by a winged subsoiler 
(MCLaren and Cameron; 1990). 
2.3.1 EFFECTS OF SUBSOll.JNG ON SOIL PHYSICAL PROPERTIES 
Bulk density 
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There are many reports of reductions in soil bulk density after subsoiling (Allmaras 
et al., 1977; Douglas et al., 1980; Erbach et ai., 1984; Adeoye, 1982; Ide et at., 1984; 
Bennie and Botha, 1986; Ross, 1986; Soane et ai., 1987). In some cases recompaction 
may occur very soon after loosening (Burnett and Hauser, 1967; Swain, 1975; Soane et 
al., 1987), whilst others report the effects on bulk density to be present for several months 
and even years after subsoiling (Ellington, 1986; Wetter et ai., 1987). 
Porosity 
Increases in total porosity as a result of subsoiling have been reported to be 
concomitant with reductions in bulk density (Loveday et al., 1970; Adeoye, 1982; Molnar 
and Stevanovic, 1982; Johnson et ai., 1986; Ross, 1986). It is likely that because 
subsoiling induces shear and tensile failure (Koolen and Kuipers, 1983) that much of the 
increase in porosity may comprise mainly large fissures (Greenwood, 1989). Due to the 
many factors which influence the extent of fissuring and fragmenting during subs oiling, 
. the influence of subsoiling on the volume of pores of different size ranges varies widely. 
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Godwin et at. (1981) found that subsoiling increases the number and continuity of soil 
macropores. An increase in the volumes of pores of equivalent diameter greater than 20 -
30 Ilm usually accounts for the measured increase in porosity (Allmaras et at., 1977; 
Adeoye, 1982; Ide et al., 1984; Johnston et al., 1986). 
Soil strength 
Much attention has been given to studying the effects of subsoiling on soil 
mechanical impedance, since the main objective of loosening soil is to increase the root 
development to enhance crop production (Swain, 1975). 
Numerous experiments have shown reductions in penetration resistance usually 
occur to approximately the depth of subsoiling, with the greatest effects in soil of an 
initially high penetration resistance (e.g. Ellington, 1986; Ide et at., 1987; Soane et at., 
1987). 
Infiltration, hydraulic conductivity and leaching 
Subsoiling has been reported to significantly increase the rate of water infiltration 
into a wide range of soils (Burnett and Hauser, 1967; Davies et at., 1972; Kaddah, 1976; 
Unger et at.,1981; Davies et al., 1982; Pidgeon, 1983; Reicosky, 1983; Mukhtar et al., 
1985; Alegre et al., 1986). Usually the greatest increases in infiltration are shown after 
subsoiling of severely compacted and slowly permeable layers (Davies et al., 1982; Unger 
et aI., 1981), but significant responses have also been found for soils with reasonably high 
infiltration rates (Kaddah, 1976; Henry and van Donen, 1985). Such increases have been 
attributed to rapid flow into a newly formed continuous surface-connected system of 
macropores created by the subsoiler (Anderson and Bouma, 1973; Thomas and Philips, 
1979; Bevan and Germann, 1982; Edwards, 1982). 
Nevertheless, the overall effect of macropores created by subsoiling is likely to be 
strongly influenced by the hydraulic conductivity of the rest of the pores in the soil. This 
is because once the macropores are filled with water, then any further infiltration into 
these pores depends upon the rate of water movement from them into the smaller 
surrounding pores (Bouma, 1977; Bevan and Germann, 1981; Edwards, 1982). If the 
hydraulic conductivity of soil underlying the subsoiled zone is low, increased infiltration 
rates may only be apparent until the macropores become filled with water (Swain, 1975; 
Edwards 1982; Wind, 1982). 
There are no studies reported in the literature which describe the effects of 
subsoiling on nutrient leaching losses. 
2.3.2 CROP RESPONSES TO SUBSOILING 
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Increased root densities due to subsoiling are most marked in the loosened subsoil 
(Chaudary et al., 1985; Hipps and Hodgson, 1987; Hignett, 1989) (Figure 2.5). There 
may, however, be no effect on root densities in the topsoil after subsoiling, especially if 
subsoiling is followed by surface cultivation (Ide et ai., 1984; Chaudary et al., 1985). 
Indeed, a reduction in topsoil root densities has been noted after disruption of shallow 
impedance layers, since deeper root penetration was then possible and proliferation of 
roots above· the once compacted layer no longer occurred (Bennie and Botha, 1986; Miller, 
1987). 
Since subsoiling often causes an increase in the spatial variability of soil strength, 
root densities can be similarly affected (Campbell et al., 1984; Porro and Cassel, 1986). 
Examinations of roots visible on exposed profIle walls (Kaddah, 1976; Cary and 
Rasmussen, 1979; Trouse, 1983a; Ross, 1986; Marks and Soane, 1987; Greenwood, 1989), 
have shown increased maximum rooting depths and subsoil root densities after subsoiling, 
as well as emphasising the spatial variability of root distribution (Kaddah, 1976; Cary and 
Rasmussen, 1979) with the highest number of roots often being present in the share plane 
(Figure 2.5). 
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Figure 2.5 Root distribution before and after subsoiling 
(Greenwood, 1989). 
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It has been shown that subsoiling a wide range of soils can increase the crop yields 
of many different crops (Burnett and Hauser, 1967; Batey and Davies, 1971; Davies et ai., 
1972; Swain, 1975; Robertson et ai., 1976; Cannell, 1977; Eck and Unger, 1985; Ide and 
Hofman, 1990). 
Symons (1988) reported an increased yield of 8% for beans grown in New Zealand 
in a silt loam soil disturbed using a winged subsoiler. 
Greenwood (1989) found that under dryland conditions the seed yield of peas 
increased by 12 - 61 % whilst yields of barley and wheat increased 5 - 22% after 
subsoiling. 
Vepraskas et at. (1987) and Greenwood (1989) found that the magnitude of yield 
increase due to subsoiling is influenced by the severity of crop water stress suffered in the 
non-loosened soil. Eck and Unger (1985) reported that the response to subsoiling was 
greatest in very dry seasons. Other workers have also noted reduced responses to 
subsoiling in wetter years and with increased applications of water (Ross, 1986; Coventry 
et ai., 1987; Vepraskas et ai., 1987). 
The yield increases due to subsoiling have thus been attributed to: 
(i) a reduction in waterlogging and 02 stress during wet conditions (Swain, 
1975; Doty et ai., 1975; Campbell and Phene, 1977; Davies et ai., 1982; 
Braim et ai., 1984; Hipps and Hodgson, 1987). 
(ii) reduced water stress during dry conditions (Burnett and Hauser, 1967; 
Swain, 1975; Unger, 1979; Chaudary et ai., 1985; Bennie and Botha, 
1986; Marks and Soane, 1987) 
(iii) increased nutrient uptake (Ide et ai., 1984; Cassel and Edwards, 1985; 
Hargrove, 1985; Delroy and Bowden, 1986; Porro and Cassel, 1986). 
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CHAPTER THREE: MATERIALS AND METHODS 
3.1 TRIAL SITE 
3.1.1 SITE DESCRIPTION AND HISTORY 
A flat area of land was chosen on the Lincoln University Research Farm, Paddock 
R22 [NZMS S83 837 430]. This site was considered suitable because it had a deep soil 
profile, it was easily accessible and was also relatively typical of much of the soil found in 
the Canterbury Region. The soil was a deep Templeton silt loam (recent, yellow-grey earth; 
Kear et al., 1967). [A detailed profile description is given in Appendix 3.1]. 
The paddock had been under pasture for seven years until 1988, when in the 
September of that year it was drilled with an oats and peas mixture. This crop was cut for 
silage in December 1988 and the stubble was oversown with·Italian ryegrass for winter feed. 
3.1.2 TRIAL ESTABLISHMENT AND DESIGN 
The whole of the trial area set aside in Paddock R22 (approximately 40m x 100m) 
was sprayed with glyphosate (Roundup: Monsanto, NZ) on 10 March 1989 to kill the Italian 
ryegrass. Irrigation of approximately 150 mm was applied on 25 March 1989, in order to 
assist with further cultivation. 
The whole site was then cultivated on 3 April 1989, using heavy spring tines, diamond 
harrows and a Cambridge roller. On 5 April 1989 three areas (each 5 m x 90 m length) in 
the trial site were subsoiled, using a 'Maru' straight-legged subsoiling implement (Figure 3.1 
and Plate 3.1). The subsoiler had three legs at 800 mm spacing and was pulled at an average 
depth of 450 mm. Figure 3.2 shows the trial design and layout. 
On 7 April 1989, the whole trial site was lightly cultivated using spring tines, diamond 
harrows and a Cambridge roller, prior to drilling on 10 April 1989. A Duncan drill [at 150 
mm drill spacings] followed by harrows and a roller was used to sow a total of 20 kg ha-1 
'Grasslands Nui' grass seed. At the same time a total of 3 kg ha-1 of white clover and 250 
kg of reverted superphosphate fertiliser (0 8 0 11) was also applied. 
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Figure 3.1 {Maru' subsoiler design 
Plate 3.1 The 'MaTl~' Subs-oiler 
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Figure 3.2 Trial design, layout and lysimeter sampling positions. 
3.1.3 SOIL CHARACfERISTICS 
3.1.3.1 Dry bulk density, particle density and tQta1 porosity 
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Initial bulk density measurements were determined by sampling soil, in 5 cm 
increments, to a depth of 60 cm, using a 43 mm internal diameter percussion auger. Prior to 
cultivation and . subsoiling, ten replicate cores were sampled at random from the trial area. 
The soil was oven-dried at 105°C for 24 hours and the bulk density (Ph) calculated on an 
oven-dry basis using Equation 3.1 (Hillel, 1980): 
Ph = MsfYt ............................................... (3.1) 
where Ms = oven dry mass of soil and V t is the total volume of the soil. 
To determine particle density, six replicate samples of 25 - 30 g of oven-dried soil 
(<2 mm) were taken from each five centimetre increment down the soil profile to a maximum 
40 
depth of 60 cm. These were weighed accurately into 100 ml volumetric flasks. De-aired 
water was added to each flask, and any air which became entrapped was removed using a 
vacuum desiccator. The water levels were adjusted to the full mark after bringing the 
samples to a standard temperature in a water bath. The flasks were then weighed and the 
particle densities calculated using the method described by Gradwell and Birrell (1979). 
Total porosity was calculated using Equation 3.2 (Hillel, 1980): 
Et = 1 - (Pb / P~ ........................................... (3.2) 
where ~ is the total porosity, Pb is bulk density and Pp is particle density. 
3.1.3.2 Moisture release characteristic 
Undisturbed soil cores were sampled from the side walls of soil pits at the trial site, 
using P.V.C. rings of 102 mm internal diameter, 50 mm height and 4 mm thickness. The 
rings had a sharpened lower edge and were coated inside with petroleum jelly to ensure good 
soil contact. These were gently pressed vertically into the soil at specific depths. Samples 
were taken from both the subsoiled and the non-subsoiled areas of the trial site. In the non-
subsoiled areas, four replicate samples were taken in 5 cm increments from 0 - 60 cm depth, 
whilst from 60 - 120 cm depth samples were taken in duplicate. In the subsoiled areas 
duplicate samples were taken down the share plane in 5 cm increments to a maximum depth 
of 60 cm (Figure 3.3). A second set of duplicate samples were also taken at a distance of 20 
cm from the share plane, again to a maximum depth of 60 cm and in 5 cm increments. The 
soil cores were then carefully trimmed flush with the P.V.C. rings, using a sharp knife, and a 
white multifilament woven polyester (terylene) cloth, having an aperture of approximately 230 
~m (- 60 mesh) was secured to the base of each core with a rubber band. Samples were 
placed in a sealed polythene bag for transportation back to the laboratory. 
Greenwood (1989) found that smearing of the upper soil surface during the sampling 
and trimming of such cores, may significantly affect the measurement of the moisture release 
characteristic. Smearing is likely to reduce the diameter of pores, particularly large pores, at 
the core surface. The air entry and thus drainage of water from a pore is determined by its 
narrowest cross-section (Ball, 1981). Hence any reduction in pore diameter due to smearing 
may result in an erroneous measurement. 
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To remove any loose soil which may have entered and blocked swface pores a 
mixture of cellulose acetate (25 g cellulose acetyloid plus 100 ml acetone) was applied to the 
top of each core using a spatula. The layer of cellulose acetate was left to harden 
(approximately 4 - 5 hours) and was then peeeled carefully off the soil surface. A thin layer 
of soil was removed by this procedure (approximately 2 mm), leaving the soil surface 
apparently un smeared and revealing some pores which were not previously visible. Each core 
was weighed before and after peeling so that the mass of soil lost by the peeling process 
could then be determined. The lower swfaces of the cores were not peeled as it is thought 
that they only restrict the rate of drainage. Soil volumes after peeling estimated using 
Equation 3.3 (Greenwood, 1989): 
V t2 = Vt1(~2IMwl) ........................................ (3.3) 
where indices 1 and 2 represent pre- and post-peeling conditions respectively, 
Vt is the total volume of soil (cm
3) and ~ is the wet mass of soil (g). 
Approximately 10 ml of 4% (W IW) formaldehyde solution was then applied to the 
swface of each core to remove earthworms. Subsequently, all cores were placed upon a 
saturated sand bed overnight to equilibrate, before being transferred to tension tables made 
from sand and silt covered with filter paper. 
loosened soil 
Figure 3.3 Location of share plane 
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Gravimetric soil water contents (8m) were determined by weighing the cores after 
equilibration at matric potentials of -1, -2, -3, -5 and -10 kPa respectively. The moisture 
characteristic at lower potentials was measured on the non-subsoiled samples only, since these 
pore size ranges were reported to be unaffected by subsoiling (Greenwood, 1989). Smaller 
sized P.V.C. rings (52 mm Ld., 2.2 mm thickness and 15 mm height) with a sharpened lower 
edge were pressed vertically into the upper surface of the larger cores in order to obtain small 
subsamples for use in a pressure chamber apparatus. The remainder of the soil in the larger 
cores was oven-dried at 105°C for 24 hours, in order to obtain a measure of the gravimetric 
water content remaining in the soil. 
The small cores were subsequently prepared in a similar manner to the large cores, 
with a fine-mesh polyester cloth again being attached to the base of each core using a small 
rubber band. They were transferred to a pressure chamber apparatus and placed on porous 
ceramic plates. Cores were weighed after equilibration to -30, -100, -300 and -1500 kPa 
matric potentials respectively. Finally these sample were oven-dried at 105°C for 24 hours, in 
order to determine the gravimetric water content remaining in the soil. 
Soil dry bulk density was calculated using Equation 3.1 from the total oven-dry 
weight of each core. Similarly, total soil porosity was calculated using Equation 3.2. 
Calculations of pore size distributions were made using the method of Ball and Hunter (1980) 
and moisture release characteristic curves were constructed using the technique employed by 
Visser (1969). 
3.1.1.3 Particle size distribution and soil texture 
Particle size distribution was measured on samples collected in 15 cm increments from 
o - 120 cm depth. Samples were collected in triplicate and were air-dried and lightly crushed 
to break up aggregates greater than 2 mm size. Subsamples of either 50 g or 75 g were then 
treated with 30%(v/v) hydrogen peroxide at 25 - 30°C to remove organic matter (Day, 1965) 
and using a few drops of 2-octanol to control frothing. Excess hydrogen peroxide was 
removed by boiling (Gee and Bauder, 1986) before 15 m1 of 'Calgon' (66 g sodium 
hexametaphosphate plus 14 g sodium carbonate per litre) dispersing solution was added to 
each sample and left overnight. Samples were then placed on a shaker for 1 hour to disperse 
the soil before it was washed through a 63 ~m sieve. Any material larger than 63 ~m was 
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oven dried at 105°C in an evaporating basin. The material which passed through the sieve 
was analyzed using a Micromeritics Sedigraph 5000D Particle Size Analyser (Micromeritics, 
1979). 
From the results soil textures were determined using a texture triangle based on the 
International Society of Soil Science (ISSS) size classification (Taylor and Pohlen, 1979). 
Soil texture was also estimated in the field when constructing the profile description 
(Appendix 3.1). 
3.1.3.4 Soil strength 
Measurements of penetration resistance were made using an electronic Rimik CPlO 
cone penetrometer (Rimik PTY Ltd, Australia). The cone penetrometer was pushed into the 
soil at a constant rate of between 5 and 45 mm per second. Any readings outside this range 
were automatically discarded by the datalogger. Measurements were made in 15 mm 
increments to a maximum depth of 450 mm. 
Penetration resistance was measured during September 1989 at the random locations 
within the non-subsoiled areas of the trial site. At each location measurements were taken in 
triplicate at positions in close proximity to one another «50 em spacing). Similar 
measurements were made in the subsoiled zones at the trial site. In this case, however, 
locations were chosen according to where the subsoiler had passed through the soil (Le. share 
plane; share plane + 20 cm; share plane + 40 cm) (Figure 3.3). Each set of measurements 
entailed selecting ten random locations within each of the three zones and taking three 
readings in relatively close proximity to one another, at each of these locations. 
It has been found that penetration resistance is closely related to moisture content and 
also to dry bulk density (Ayers and Perumpral, 1982). Therefore, in order to allow 
comparisons between penetrometer readings, dry bulk density and moisture measurements 
were also made at the same time as penetration resistance, thus enabling the correction of the 
penetration resistance data to a standard water content (Greenwood, 1989) (Appendix 4.40) .. 
3.1.3.5 Hydraulic conductivity 
The hydraulic conductivity of the soil was measured using a 'Guelph permeameter' 
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(Soil Moisture Equipment, Auckland, NZ). Measurements were made over 15 cm depth 
increments, from 0 to 120 cm depth, at ten random locations within the non-subsoiled area of 
the trial site. These measurements were taken during characterisation of the field site prior to 
subsoiling. Consequently no results were obtained for the subsoiled areas of the trial site. 
Hydraulic conductivity values (Kfs ) were calculated using Equation 3.4 (Reynolds et 
at., 1985; Reynolds and Elrick, 1986); 
Kfs= CO ................................• (3.4) 
21& H2 [1 + c ( a) 2] 
2 H 
3.1.3.6 
where Q is the steady flow rate out of the permeameter and therefore out of the well 
(m3s-1); H is the depth of water in the well (m); and C is a proportionality constant 
equal to 2.0 for H/a = 10 and equal to, 1.3 for H/a =5, where 'a' is the radius of the 
well (m). 
Soil chemical analyses 
3.1.3.6.1 Total nitrogen and carbon 
Six replicate soil samples were taken from random locations at the trial site in October 
1989, using a 43 mm internal diameter percussion auger. Samples were taken in 5 cm 
increments down to a maximum depth of 60 cm, with samples from similar depths being 
bulked together and mixed thoroughly before being air-dried. Two subsamples were taken 
from each main sample and were very finely ground «150 Ilm) to prepare them for analysis. 
Total nitrogen and carbon were determined using a Tracermass isotope analyser (Europa 
Scientific, U.K.). The total nitrogen results were obtained from the stable isotope analyser, 
whilst the total carbon results were obtained using the TCD combustion sample converter. 
3.1.3.6.2 Mineralisable N 
Six replicate samples of soil were taken in October 1989 in 5 cm increments from 0 -
60 cm depth using a 43 mm i.d. percussion auger. An estimation of the initial exchangeable 
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NH/-N and N03--N was obtained using the following method of Keeney and Nelson (1982). 
A subsample of moist soil (28 g) from each depth was shaken in triplicate with 50 ml 
2 M KCl in a 100 ml polycarbonate centrifuge tube on an end-over-end mechanical shaker for 
60 minutes. This was then centrifuged for 10 minutes at 2000 rpm, filtered through Whatman 
No. 541 filter paper and the filtrate was stored in 100 ml plastic bottles at 4°C. Exchangeable 
N03--N (Grasshoff, 1969) and NH/-N (Weatherburn, 1967) were measured using an 
autoanalyser (Chemlab Instruments Ltd). 
An estimation of mineralisable N was subsequently obtained by taking subsamples of 
soil (28 g) and placing them in an unsealed polythene bag and incubating them at 37°C for 7 
days (Quin et al., 1982). The amount of N03 --N and NH4 +-N was determined in a similar 
manner to the initial exchangeable-N amounts. Mineralisable N was calculated as the 
difference between the amount of mineral N in the initial extraction and that found after 
seven days of incubation. 
Further sub-samples of soil (28 g) were oven-dried in order to obtain a measure of 
moisture content, thus enabling correction of the results to an oven-dry basis. 
3.1.3.6.3 Soil pH determination 
Soil pH was measured in a soil:distilled water suspension (ratio of 1 :2.5) (Blakemore 
et al., 1987). Ten replicate soil samples were taken, in October 1989, in 5 cm increments, to 
a depth of 60 cm, at the trial site. Soil subsamples were stirred using a high speed stirrer for 
15 minutes and were then allowed to stand overnight. . The pH of each sample was 
determined using a combination glass/reference pH electrode. 
3.1.3.6.4 Soil fertility 'quick test' analyses 
Twenty topsoil core samples were taken at random from the trial site in October 
1989.The samples were bulked together and were then analysed following standard MAP 
procedures (Cornforth, 1980) to obtain 'quick-test' values for Ca, Mg, K, Na, P, S and also 
pH. 
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3.1.4 TRIAL SITE MANAGEMENT 
Once the pasture was established, it became apparent that there was a considerable 
number of weeds present. Therefore in September 1989 the trial site was sprayed using a 
selective post-emergence herbicide 'Basagran' (BASF, A.G. Federal Republic of Germany). 
The herbicide was applied manually using a back-pack to which a 3 metre boom sprayer was 
attached. Two weeks later, the plot was cut using a small field harvester mower. Weeds still 
appeared to be a problem - mainly Capsella bursa - pastoris L. (Shepherd's purse), Lamium 
amplexicaule L. (Henbit) and Stellaria media (L.) Vill. (Chickweed). Consequently in 
October 1989 the site was again sprayed to combat weeds but this time the application was a 
mixture of 'Dinoseb' (Sinox P.E., Ivon Watkins-Dow Ltd) at 4.5 litres ha-1, plus 'MCPB' 
(40%) at 3 litres per hectare in 400 litres of water. This herbicide mixture proved to be much 
more effective and virtually all of the weeds were eradicated. 
After results from a soil fertility MAP 'quick test' showed that there was a deficiency 
of sulphur at the trial site, a basal dressing of sulphur was applied by hand in November 
1989, in the form of 'Sulphur Super' fertiliser (8% P, 20% S) at the rate of 30 kgS/ha. 
During 1989, the trial site was mowed periodically in order to simulate a grazing-
spelling-grazing pattern. The clippings were removed. 
3.2 EXTRACTION OF LARGE UNDISTURBED LYSIMETERS 
A total of twelve undisturbed soil monolith lysimeters were collected from the trial 
site in early 1990 (Le. approximately 9 - 10 months after subsoiling and sowing of pasture). 
Six of these monoliths were sampled from the subsoiled areas. of the trial site and the other 
six were taken from the non-subsoiled areas. Each lysimeter from the subsoiled area was 
sampled with the share plane located across its centre (Figure 3.2). The width of the 
lysimeter exactly matched the spacing of the subsoiler legs (800 mm) and thus the full width 
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area affected by the subsoiler was sampled. Each lysimeter from the subsoiled area was 
sampled in close proximity to a non-subsoiled lysimeter (within 2 m) and this provided a 
paired sample (i.e. 6 pairs in total) (Figure 3.2). These lysimeters will be referred to as: SS 1 
to SS6 for the subsoiled lysimeters and NS 1 to NS6 for the non-subsoiled set. 
The lysimeters were sampled using casings constructed of 3 mm thick steel, with a 
diameter of 800 mm (Le. an area of approximately 0.5 m2) and a length of 1200 mm. Each 
casing had a bevelled cutting ring installed at the base (Figure 3.4). 
The area of the trial site which was to be sampled was irrigated in order to bring the 
soil water content to approximately 'field capacity'. This not only made the digging easier, 
but also reduced the likelihood of cracking the soil during the extraction process. 
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A small digger was used to create a trench close to each lysimeter sampling site and 
thereafter digging was continued manually (Plate 3.2). The extraction procedure is described 
by Cameron et al. (1992) (Enclosure 1) and is detailed as follows~ 
A lysimeter casing was placed on the soil surface and a steel lid of slightly greater 
diameter was placed on top. The soil outside the circumference of the casing was removed to 
a depth of approximately 20 cm ahead of the cutting edge. This exposed a soil monolith with 
a slightly greater (but <1 cm) diameter than the lysimeter casing. 
A motorised auger was used to screw two large augers into the soil on opposite sides 
of the lysimeter sampling area. These augers acted as anchors for a reaction frame, which 
was used in conjunction with a hydraulic ram, to gently push the lysimeter casing over the 
exposed depth of soil monolith (Plate 3.3). Thus a small amount of soil was shaved off the 
monolith as the casing moved downwards. This procedure was repeated until the soil inside 
the casing was almost level with top rim (within 2 cm) of the lysimeter casing. 
A cutting plate, constructed from 10 mm thick steel, with a bevelled cutting edge was 
then used to detach the lysimeter from the subsoil. The plate was driven slowly under the 
base of the lysimeter using a hydraulic ram, which reacted against a specially designed frame 
(Plate 3.4). 
Steel spacers were used to secure the soil monolith in the casing. These spacers (1100 
mm length; 25 mm width; and 5 mm thick) were inserted down into the annular gap between 
the soil monolith and the lysimeter casing, at approximately 10 cm intervals. The space 
between the top of the soil monolith and upper edge of the lysimeter casing was packed with 
sand placed on a plastic sheet. The lid-plate and the cutting-plate at the base of the lysimeter 
were then connected using four steel rods (25 mm diameter x 1205 mm), held in position 
with nuts on their threaded ends. Lifting rods and hooks were attached to rings on the top 
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Plate 3.2 Lysimeter sampling trench. 
Plate 3.3 The reaction frame used in conjunction with the hydraulic ram 
to push tile casing over the exposed monoliths. 
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ends of these rods and the whole assembly was carefully lifted from the trench using a front-
end loader (Plate 3.5). 
3.3 
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Figure 3.4 Lysimeter design. 
PREPARATION OF THE LYSIMETERS 
3.3.1 INSTALLATION OF DRAINAGE SYSTEMS 
Once the lysimeter was extracted from the ground, a large steel collar (800 mm Ld. x 
250 mm high) was secured around its centre. Using a chain hoist, the lysimeter assembly 
was hoisted up onto a specially constructed frame (Plate 3.6). Diametrically opposite stubs 
protruding from the collar were directed into two swivel cups attached to the frame. The 
lifting tackle was detached allowing for the lysimeter to be gently inverted by hand in this 
'mid-air' position. With the lifting tackle now attached to its base, the lysimeter was gently 
lowered to the ground, using the chain hoist. 
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Plate 3.4 Cutting plate used to detach the soil monolith from the subsoil. 
Plate 3.5 Removal of lysimeter assembly from sampling trench. 
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A 100 mm depth of soil was removed from the base of the monolith. Two drainage 
systems were then installed. One system allowed for 'fast' drainage from the base of the 
lysimeter. This system consisted of a 2.5 m length of copper tubing (5 mm Ld.), which had 
holes drilled through its upper surface at approximately every 50 mm along its length. The 
tubing was covered with fine nylon mesh (0.2 mm mesh) to prevent possible blockage of the 
drainage holes. It was then positioned in a zig-zag pattern across the base of the lysimeter. 
Any point across the exposed soil surface was no further than 12 cm distance from the copper 
tubing. A slurry of fme sand with a mean equivalent spherical diameter of 70 Ilm ('Snowsil 
75', Mintech Minerals N.Z. Ltd) was poured on top of the copper tubing. A 'slow' drainage 
system was then installed approximately 5 cm closer to the lysimeter base. This system 
consisted of two 30 cm lengths (1 cm internal diameter) of porous plastic pipe, of 20 Ilm pore 
diameter ('Porex Plastic'; Addington Engineering, NZ), joined by a hollow stainless steel 'T' 
bar (Plate 3.7). The silica sand slurry was also used to position this drainage system and to 
pack the rest of the base. A new permanent drainage table base (90 cm diameter, 5 mm thick 
steel plate) was then attached to the base of the lysimeter casing and the drainage pipes from 
both the fast and slow drainage systems were fed through holes in this base plate. The 
drainage systems thus enabled a suction to be imposed at the base of the lysimeter (Section 
3.3.6). Tension drainage at the base of the lysimeter was necessary to ensure realistic field 
conditions were maintained (Howell et al., 1991). 
3.3.2 TRANSPORTATION OF LYSIMETERS TO LABORATORY 
The new baseplate was connected to the lid-plate using the four steel lifting rods as 
before. The lysimeter was then returned to an upright position using the inversion frame in 
the same manner as before. The lysimeter was then lowered directly onto a specially 
designed trailer for transportation to the underground lysimeter laboratory at Lincoln 
University - a distance of approximately 2 km. The trailer was designed with enhanced air 
suspension to minimise the possible risk of damage to the soil structure during transportation 
(Plate 3.8). 
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Plllte 3.6 Frame used to invert lysimeters. 
Plate 3.7 Installatio1l of the 'slow' drainage system. 
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Plate 3.8 Trailer with enhanced air suspension - used for transportation of lysimeters. 
Plate 3.9 Lysimeter being lowered through the roof of the laboratory. 
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3.3.3 INSTRUMENTATION 
3.3.3.1 Tensiometer installation 
Tensiometers were installed in two of the lysimeters which had been subsoiled (SS 1 
and SS2) and in two of the non-subsoiled lysimeters (NSI and NS2). Holes were drilled in 
the casings and a small screw auger was then used to create channels from each of the holes 
through the soil to the centre of each monolith - a horizontal distance of approximately 40 
cm. Tensiometers (with 2 cm diameter porous ceramic cups: Soil Moisture Equipment 
Corp., USA) were then inserted into these holes at depths of 10 cm, 20 cm, 40 cm, 60 cm 
and 105 cm. These depths respectively corresponded to: the AP horizon (fine sandy loam); 
the Ah2 horizon (fine sandy loam); the boundary between the AB (fine sandy loam) and Bw 
(sandy loam) horizons [which in the case of the subsoiled lysimeters was also just above the 
average maximum depth to which the subsoiler had penetrated]; the 2BC horizon (loamy 
sand) [below the depth of subsoiler penetration]; and finally the 3Cg horizon (sand), which 
was just above the drainage system at the base of each lysimeter (Figure 3.5 and Plate 3.10). 
A further two tensiometers were inserted a horizontal distance of 20 cm into each of 
the subsoiled.1ysimeters (SSI and'SS2) at depths of 20 cm and 40 cm respectively. These 
positions corresponded to the zone 20 cm distance from the share plane. 
3.3.3.2 Installation of gas samplers 
Holes were drilled in the casings of a further two subsoiled lysimeters and also two 
non-subsoiled lysimeters (numbers SS4 and NS4; SS6 and NS6 respectively). A small screw 
auger was used to create channels into the centre of the lysimeters, and gas equilibration 
chambers of 31 ml capacity were inserted a horizontal distance of 40 cm into the lysimeters 
(Plate 3.10). The gas chambers were positioned at depths of 10 cm, 40 cm and 60 cm in 
each lysimeter. In each of the subsoiled lysimeters (SS4 and SS6) an extra gas equilibration 
chamber was inserted a horizontal distance of 20 cm at 40 cm depth in each lysimeter. This 
position corresponded to 20 cm distance from the share plane (Figure 3.5). The depths 
chosen were similar to those at which tensiometers had been installed (Section 3.3.3.1). 
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3.3.3.3 Soil solution sampler installation 
A further three holes were drilled in the casings of the same lysimeters which were 
used for gas sampling (Section 3.3.3.2), and solution samplers (Plate 3.10) were inserted a 
horizontal distance of 40 cm into the lysimeters. The solution samplers were constructed 
from porous ceramic cups (Soil Moisture Equipment Corp., USA) and were inserted at depths 
of 10 cm, 40 cm and 60 cm respectively - the same depths at which gas equilibration 
chambers had been inserted (Section 3.3.3.2). 
3.3.3.4 Thermistor installation 
In order to obtain a measure of soil temperature and to calculate the thermal 
conductivity within the lysimeters, thermistors (Campbell Scientific, USA) were inserted a 
horizontal distance of 40 cm into lysimeter number NS4 at depths of 10, 40 and 60 cm 
respectively. 
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Figure 3.5 Positions at which instruments were installed in the lysimeters. 
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3.3.4 INSTALLATION OF LYSIMETERS IN LABORATORY 
Once fully instrumented, the lysimeters were then ready for installation in the 
underground lysimeter laboratory. This laboratory (12.5 m length, 3.5 m width and 2.2 m 
height) was specially designed to house up to 14 monolith lysimeters, although only 12 were 
used in this particular experiment. The laboratory design enables lysimeters to be lowered in 
through the roof section until the surface is level with that of the surrounding soil (Plate 3.9). 
Plants growing on the lysimeters are thus subjected to normal ambient environmental 
conditions (Figure 3.6). 
When the lysimeters were lowered through the roof, wooden posts were attached as 
legs, which thus enabled the lysimeter surfaces to be level with the surrounding soil surface. 
Once the lysimeters were secured in position, the lid-plates were detached and the metal 
spacers removed. The contact between the lysimeter casing and the base plate was sealed 
using a layer of 'Silaflex' (New Zealand Expandite Ltd.), to prevent water leakage or air 
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Figure 3.6 Cross-sectional view of the underground lysimeter laboratory. 
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Plate 3.11 Irdection of liquijied petroleum jelly into annular gap. 
57 
58 
entry. On top of this an extra coating of 'Araldite' (K2002, 5 Minute Rapid Set Adhesive 
Paste; Ciba Geigy 2000 Range Adhesives) was applied to ensure a good seal was maintained. 
3.3.5 PREVENTION OF EDGE-FLOW BY SEALING 
To prevent edge-flow of water and solutes, liquified petroleum jelly (Snowhite 
Petrolatum, Shell NZ Ltd.) was injected down into the annular gap between the soil monolith 
and the lysimeter casing (Figure 3.4 and Plate 3.11). In order to achieve this, the petroleum 
jelly was warmed (c. 45°C) and pumped through a copper tube (diameter 3 mm), inserted via 
the annular gap to the base of the lysimeter. The petroleum jelly was first delivered to the 
bottom of the annular gap and then as the level of petroleum jelly rose within the gap so the 
copper tube was withdrawn from the lysimeter - until the annular gap was completely filled 
up to the soil surface. The petroleum jelly cooled on contact with the soil and did not enter 
the soil pores. Once cooled the petroleum jelly provided a water-tight seal between the soil 
monolith and the lysimeter casing (Cameron et ai., 1990). 
3.3.6 DRAINAGE COLLECTION SYSTEM 
Flexible clear plastic (PVC) tubing was connected to the two drainage system outlets 
at the base of each lysimeter. These were then both connected to a sealed 20 litre collection 
vessel. Each vessel was attached through a separate inlet port to a vacuum line which 
enabled a controlled amount of suction to be transmitted to the lysimeter base. A suction of 
7 kPa was applied, which was equivalent to the soil matric potential recorded at this depth in 
the field soil at 'field capacity'; as measured using quick draw tensiometers (Soil Moisture 
Equipment Corp., USA). 
3.4 TRACER AND WATER APPLICATION 
3.4.1 SYNTHETIC URINE COMPOSITION 
It was recognised that there were considerable difficulties in using real animal urine in 
this type of experimental work. Firstly, the collection of the urine in itself can prove 
problematical, with a high chance of contamination of the urine sample as it passes out of the 
animal. Thereafter there are problems if the urine has to be stored for any length of time, as 
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its composition can change rapidly due to microbiological activity. Also, compositional 
changes have been observed when frozen urine undergoes thawing (R.R. Sherlock, pers. 
corrun.). As discussed previously (Section 2.2.2.5) there is also likely to be considerable 
variability in the concentration of the urine collected, depending for example upon the time of 
day at which the urination occurs. 
In this experiment the intention was to obtain high precision results by using the stable 
nitrogen isotope 1,5N as a tracer (Section 2.2). The use of this isotope in conjunction with 
real animal urine was also considered to pose problems in terms of the method of labelling. 
Ideally it would probably be best to feed an animal with 15N labelled fodder and subsequently 
collect the urine. However, in practical terms, the extremely high cost of 15N does not make 
this a feasible option. 
Consideration of these factors and the requirements for a large volume (a total of 24 
HITes) of urine of uniform composition, it was decided to use a solution of synthetic urine for 
this experiment. The synthetic urine solution for each lysimeter (c. 0.5 m2) was made up of: 
Plate 3.12 Application oj synthetic urine to lysimeters. 
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44.3 g potassium bicarbonate; 12.7 g potassium bromide; 7.9 g potassium chloride; 13.4 g 
potassium sulphate; 47.5 g urea; and 12.3 g glycine [adapted from Holland and During, 
1977]. This mixture was applied in 2 litres of distilled water, corresponding to 500 kg N ha-1 
(Section 2.2.2.3) which is similar to urine returns on dairy pasture (Jarvis and Pain, 1990). 
The glycine contributed 10% of the nitrogen in the final urine solution, with 90% of 
the N being supplied as urea. Both of these components were labelled 15N and were 
combined together to result in 5 atom percent abundance of 15N being present in the final 
simulated urine solution. 
Bromide was included in the simulated urine to provide a conservative (Le. non-
biologically reactive) tracer. 
3.4.2 SYNTHETIC URINE APPLICATION 
Prior to synthetic urine application, each lysimeter was wet up to approximately 'field 
capacity.' This ensured a relatively reproducible soil moisture content in each lysimeter at the 
time the synthetic urine was applied. It is also similar to the initial moisture contents reported 
by other workers (e.g. Myers et al., 1989; Monaghen et al., 1989; Ball et ai., 1979). A two 
litre volume of synthetic urine containing 5 atom percent abundance of 15N (Section 3.4.1), 
was applied evenly over the surface of each individuallysimeter (Plate 3.12) on 11 July 1990. 
Although it was recognised that animal urine is usually deposited in an uneven distribution 
over the urine patch, it was considered necessary to apply the urine evenly to reduce the 
number of variables involved and ensure the greatest chance of replication within treatments. 
3.4.3 WATER APPLICATION 
3.4.3.1 Rainfall simulation 
3.4.3.1.1 Calibration of rainfall simulators 
The calibration tests for the rainfall simulators showed that a controlled water 
application was provided, with low coefficients of variation being approximately 7% 
(Plate 3.13). 
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3.4.3.1.2 Application of water 
Immediately following the application of the simulated urine to each lysimeter, the 
rainfall simulators were used to apply 10 mm of simulated rainfall. This amount of water 
application has been shown to be sufficient to prevent the process of volatilisation following 
the application of urea fertiliser granules to this soil (Black et al., 1987) and was used here to 
avoid the complications of measuring volatilisation of the tracer solution. The rate of application 
( lOmm br -1 ) did not cause ponding on the soil surface. 
During periods of dry weather, the rainfall simulators were also used to supplement 
the natural rainfall. The total amount of rainfall during the winter and spring periods was 
brought up to the seventy-fifth percentile level for the Lincoln area (as measured from data 
for the last 110 years). The total amounts of water inputs to the lysimeters over the duration 
of the experiment are given in Appendix 3.2. 
3.4.3.2 Border-dyke irrigation simulation 
Border-dyke irrigation was simulated during the summer and autumn periods 
(December 1990 - May 1991) when no supplementary rainfall was applied. A total of seven 
irrigations were applied, in accordance with local district practice i.e. 100 mm depth for each 
application (Appendix 3.2 and Section 4.2.1). Fold-away extensions, made of waterproof 
nylon, were attached to the tops of the lysimeter casings, and this enabled water to be ponded 
on the surface of each lysimeter (Plate 3.14), thus simulating border dyke irrigation 
conditions. The nylon extensions were lowered immediately after each irrigation~ 
3.5 LEACHATE COLLECTION AND ANALYSIS 
3.5.1 COLLECTION TECHNIQUE 
Samples of leachate were collected manually from each of the collection vessels close 
to each 0.05 pore volumes of drainage (c. 15 litres) (Plate 3.15). The exact volume of 
leachate was recorded and subsamples (750 ml) were kept for subsequent analyses. Each 
subsample was divided in two for later analysis and they were stored at <2°C. In order to 
arrest microbial activity, phenyl mercuric acetate (PMA) [ 1 ml of 0.5 Ilg PMA mrl for every 
100 ml of leachate sample] was added to one half of the subsample, and boric acid solution 
was added to the other half of the subs ample (2 ml of a solution containing 6.2 g boric acid 
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Plate 3.13 Rainfall simulator 
Plate 3.14 Waterproof extension to lysimeter casing 
used for simulation of border dyke irrigation. 
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per 200 ml, added to every 100 ml of leachate sample). Two different inhibitors were used in 
order to overcome possible problems due to chemical interference by the preservative during 
subsequent analyses. It was felt that the organic mercury solution could interfere with 
analysis using the ion exchange chromatograph (IEC). Instead, boric acid - which is a 
component of the buffer solution used by the IEC method of analysis - was used as a 
preservative for the samples being analyzed by this method. 
3.5.2 LEACHATE ANALYSES 
Nitrate and ammonium were determined by a variety of analytical techniques. This 
was done to compare results and check for problems with sample storage and analysis. 
3.5.2.1 Ion specific electrodes 
Nitrate and ammonium concentrations in the leachate samples were determined shortly 
after collection in the lysimeter laboratory, using a nitrate specific electrode and an ammonia 
specific electrode respectively (Orion Research Laboratories, Boston, USA). 
3.5.2.2 Auto-analyser 
Nitrate, ammonium and urea concentrations in the leachate samples were determined 
using an auto-analyser (Chemlab Instruments, Essex, England). 
Leachate N03--N was determined using the method described by Kamphake et al. 
(1967), in which nitrate is reduced to nitrite by hydrazine. The nitrite then reacts with 
sulphanilamide under acidic conditions to form a diazonium salt. The salt then couples with 
N-1.naphthalene diamine dihydrochloride to form a reddish-purple diazo compound, which 
has its maximum absorbance at 530 nm. 
Leachate NH/-N was determined by adapting the method described by Weatherburn 
(1967). Ammonium reacted with phenol and alkaline hypochlorite to form indophenol blue. 
The colour was intensified by sodium nitroprusside and the absorbance is read at 630 nm. 
The urea in the leachate samples was determined by modifying the manual method 
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described by Mulvaney and Bremner (1979) for use on the auto-analyser. In this method the 
sample to be analysed is heated with diacetyl monoxime and thiosemicarbazide in the 
presence of phosphoric acid and sulphuric acid. A red colour is thus formed which has its 
maximum absorption at- 527 nm. 
3.5.2.3 Ion exchange chromatograph 
Samples of leachate were analysed using an ion exchange chromatograph (Waters 
Chromatography, USA) in conjunction with an IPC baseline programme (Baseline 810 
Chromatography Workstation). A 100 JlI subsample of each leachate sample was injected 
into a borate/gluconate buffer solution and this flowed through an IC-PAK anion HC column 
(Waters, USA) at the rate of 2 ml/min. The concentrations of N03--N, N02--N, Ct, Br-, 
PO l--P and SO l--S present in the leachate samples were thus determined. 
3.5.2.4 , Mass spectrometer 
Leachate samples were prepared for 15N analyses by placing small subsamples ( < 
5mls) in specially designed aluminium foil capsules. Three drops of acetic acid were added in 
order to prevent gaseous losses of NH3-N. Samples were then evaporated to dryness inside 
specially constructed evaporation chambers, at controlled temperature, in an oxygen free 
nitrogen gaseous environment (MacPherson et.al., in prep.). The capsules were then directly 
inserted into the 'Tracermass' stable isotope analyser (Europa Scientific, UK), used in 
conjunction with a 'Roboprep - CN' biological sample converter (Europa Scientific, UK). The 
total amount of nitrogen and also the atom percent 15N present in the leachate samples were 
thus determined. 
3.6 GAS COLLECTION AND ANALYSIS 
3.6.1 COLLECTION TECHNIQUE 
Samples of gas were collected periodically from the equilibration chambers installed 
inside four of the lysimeters (Section 3.3.3.2). Each chamber had a total capacity of 31 ml. 
When sampling, a total of 20 ml of gas was removed from this chamber using a syringe. The 
samples were stored in evacuated blood sample tubes 'vacutainers' for subsequent analysis. 
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Plate 3.15 Leachate collection inside the lysimeter laboratory. 
Plate 3.16 Pasture harvesting on top oj -the lysimeter laboratory. 
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3.6.2 GAS ANALYSIS 
The system for analyzing the gas samples consisted of a Varian 2800 gas 
chromatograph, fitted with a 3 m x 3 mm O.D. stainless steel column of Porapak Q, 
maintained at 20°C. This was connected to a Pye-Unicam linearized pulsed electron-capture 
detector, maintained at 350°C. The carrier gas was 02-free N2 at a flow rate of 50 ml min-l 
(Sherlock and Goh, 1983). Using this system attempts were made to detect whether N20 gas 
was present in the samples collected from within the lysimeters. Unfortunately, due to some 
unforseen analytical problems, most of the samples collected were not analysed. 
3.7 WATER BALANCE 
A water balance was calculated for each lysimeter from the measurements of total 
inputs and outputs of water using Equation 3.5 (Wild,1988). 
Wi + Wp + !1Ws - <4t - We = 0 .............. (3.5) 
where Wi is the amount of irrigation applied; Wp is the amount of rainfall; Ws is the 
amount of water stored in the profile; <4t is the amount of drainage; and We is 
evapotranspiration. 
3.7.1 RAINFALL DATA 
The amount of rainfall was recorded on site, at the lysimeter laboratory, throughout 
the duration of the experiment. This was done using an automated tipping-bucket rain gauge 
(Meteorological Instruments, N.Z.) in conjunction with CR7X datalogger (Campbell 
Scientific, U.S.A.), and also using a manual rain gauge. 
3.7.2 WEIGHING LYSIMETERS 
One subsoiled lysimeter (SS2) and one non-subsoiled lysimeter (NS 1) were each 
located upon weighing platforms (Toledo Engineering, USA) in order that a direct 
measurement of evapotranspiration could be obtained. Each weighing platform can detect 
weight changes of 0.1 kg which corresponds to an evapotranspirative loss (or rainfall input) of 
0.2mm. 
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3.7.3 TENS IOMETERS 
The series of tensiometers in four of the lysimeters (Section 3.3.3.1) were used to 
monitor changes in soil matric potential down the soil profile. These data were used in 
conjunction with the soil moisture characteristic curve obtained for this soil (Section 3.1.3.2) 
in order to calculate the change in soil moisture content within the lysimeters. 
3.8 PASTURE MEASUREMENTS AND ANALYSES 
3.8.1 DRY MATTER PRODUCTION AND HERBAGE COMPOSITION 
Dry matter yields and botanical composition were determined at regular intervals 
(Appendix 3.3) throughout the experiment using the standard technique outlined by Boswell 
(1982). In order to simulate grazing in a dairy farm situation pasture was sampled when the 
grass reached an average length of 25 - 30 cm (Plate 3.16). A minimum of 7.5 cm of pasture 
was left on each lysimeter after harvest. The complete sample of pasture from the surface of 
each lysimeter was dissected into grass and clover fractions, before being oven dried at <60°C 
for 48 hours. 
3.8.2 TOTAL PLANT N AND ATOM PERCENT 15N 
Subsamples (approximately 15 - 20 g of dry matter) were taken from the botanically 
dissected and oven dried pasture samples (Section 3.8.1). These samples were very finely 
ground « 250 Ilm) and analysed for total Nand 15N/14N ratio using the Tracermass stable 
isotope analyser in conjunction with the Roboprep - CN biological sample converter (Europa 
Scientific U.K.). The method of calculation is given on page 115. 
3.8.3 ROOT DENSITY AND DISTRIBUTION 
Root depths were measured at the field site prior to the application of simulated urine 
to the lysimeters. An in situ 'profile wall' method (B6hm, 1976) was used to determine the 
total root length per unit soil surface area, and maximum rooting depth. A vertical profile 
wall, aligned at right angles to the direction of subsoiling, was carefully trimmed smooth with 
a sharp knife and a spade. Each profile wall was in very close proximity «1 m) to the 
location from which a lysimeter had been excavated. A 5 mm average thickness of soil was 
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carefully washed from the smoothed wall using a fine jet of water. A spray nozzle attached 
to a garden hose was used for this purpose. 
Immediately after exposing the roots by spraying a grid (100 cm x 100 cm), 
co prising a metal frame with white string netting (5 cm x 5 cm), was placed against the 
prepared profile waH (Plate 3.17). For subsoiled profi les the share plane was located centrally 
on the grid (Greenwood, 1989). The number of 5 rnm lengths of living roots was then 
recorded, with one 5 rom length being counted as one, a 10 mID root counted as two - and so 
on . The total number of 5 nun lengths, per 5 cm depth increment, was then calculated. 
Maximum rooting depths and total root lengths were thus determined (Greenwood, 1989). 
At the end of the experiment, the root density and distribution was determined in each 
lysimeter (Section 3.10.4). 
Plate 3.17 Grid used jor root counting by the 'profile wall method'. 
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3.9 DISSECTION OF L YSIMETERS 
One full calendar year after the application of synthetic urine (11 July 1991) the soil 
in each of the lysimeters was sampled. Each lysimeter was removed from the laboratory and 
transported to a nearby building where it was carefully dissected. 
To do this, each lysimeter was gently inverted as before (Section 3.3.1) and the 
drainage systems were carefully removed. A large circular wooden block (780 mm diameter 
x 100 mm deep) and a new circular steel base plate (780 mm diameter x 5 mm deep) were 
then placed inside the lysimeter casing and were secured into position using two steel cross 
bars. Each cross bar (900 mm long x 100 mm wide x 5 mm deep) was connected to two 
lifting rods which were secured into position using nuts on the threaded ends of the rods. 
The lysimeter assembly was then reinverted as described previously (Section 3.3.1). This 
time the lifting tackle was re-attached to the steel clamp surrounding the mid-height of the 
casing, rather than being attached to the lifting rods. The lysimeter was then hoisted up until 
a steel support frame (530 x 530 x 1000 mm) could be placed underneath and attached to the 
new circular baseplate. The cross bars, lifting rods and top plate were then removed. 
Subsequently the chain hoist, now attached to the clamp, was used to gently lower the 
lysimeter casing to expose a portion of the soil monolith (Plate 3.18). The presence of the 
petroleum jelly enhanced the ease with which this procedure was carried out. Using the chain 
hoist, the lysimeter casing was lowered in 5 em depth increments, so that soil could then be 
sampled from within these increments. The petroleum jelly was readily removed from the 
edge of the monolith using a knife, and soil samples were collected carefully using a small 
steel cutting plate which had a sharpened cutting edge and a wooden handle. The plate was 
pushed horizontally into the monolith at the required depths and the procedure was repeated 
until samples had been obtained from throughout the full profile of the monolith. 
3.10 SOIL SAMPLING AND ANALYSES 
3.10.1 TOTAL N, CARBON AND ATOM PERCENT lSN 
One quarter of the exposed soil monolith surface was removed to a depth of 5 em at a 
time (Plate 3.19 and Figure 3.7). In the case of subsoiled lysimeters samples were removed 
with one of the straight edges of the quartile being at right angles to the share plane (Figure 
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3.7). The soil was placed in a large bowl and mixed thoroughly using a commercial cake 
mixer. Two subsamples (each approximately 2 kg) were subsequently removed from the 
mixed sample. One of these samples was kept fresh at <4°C for analysis of the extractable-N 
present (Section 3.10.2), whilst the other sample was air dried «25°C) for 3 - 5 days, before 
being passed through a 2 mm sieve. A further subsample (approximately 50 g) was taken 
from the <2 mm air dried sample. This was done by using the cone and quartering technique 
described by Black (1965). Subsequently this small subsample was ground very finely «150 
~m) using a Tema mill grinder (disk mill T250 of N.V. Tema, Holland). These finely ground 
samples were then analysed using the Tracermass stable isotope analyser in conjunction with 
the Roboprep-CN biological sample converter (Europa Scientific UK), to determine the total 
N, carbon and atom percent 15N present in the soil sample. Values were corrected to an 
oven-dry basis by drying further subsamples in an oven at 105°C for 24 hours to determine 
the gravimetric moisture content of the soil. 
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Where A, B, C, D = Positions of sampling of soil 'blocks' used 
for determination of both dry bulk density and root density and distribution. 
Figure 3.7 Aerial view of soil sampling positions 
during the lysimeter dissection. 
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3.10.2 EXTRACfABLE NH/-N AND N03--N IN SOIL 
The amounts of extractable NH/-N and N03--N present in the soil samples described 
in Section 3.10.1 were detennined within 72 hours of sampling the soil from the lysimeters. 
Duplicate sub samples (28 g) of fresh soil were extracted using 2M KCI by the method of 
Keeney and Nelson (1982) (Section 3.1.3.6.2). Values were corrected to an oven-dry basis by 
drying separate subsamples of the soil (approximately 200 g) at 105°C for 24 hours to obtain 
a measure of the gravimetric moisture content. 
3.10.3 DRY BULK DENSITY 
In order to obtain a representative measure of the dry bulk density at each sampling 
depth in each of the lysimeters, a cutting plate (260 mm x 400 mm), which had a sharpened 
cutting edge and a wooden handle, was inserted horizontally to the centre of the soil monolith 
in 5 cm depth increments. In the case of subsoiled lysimeters, samples were taken at right 
angles to the share plane (Figure 3.7). The soil on the cutting plate was then cut into four 
equal portions using a sharp knife (on average soil 'blocks' of 200 mm length x 10 mm width 
x SO mm depth were created from this procedure) as shown in Figure 3.7. The size and mass 
of each of these soil 'blocks' was then recorded. Using the gravimetric moisture content 
values as determined in Section 3.10.2, the dry bulk density for each respective 'block' of soil 
was calculated using Equation 3.1. 
These same soil 'blocks' were subsequently used for the determination of the root 
density and distribution in the soil monoliths (Section 3.10.4). 
3.10.4 ROOT DENSITY AND DISTRIBUTION 
The soil 'blocks' as described in Section 3.10.3 were then washed using a root 
washing machine. The soil was placed inside a circular sieve (0.2 mm mesh size) which then 
rotated on a set of rollers. Using a fine spray of water, the soil samples were gently stirred 
and manipulated, thus separating the roots from the soil. After approximately 30 - 45 minutes 
virtually all of the soil had been washed away, leaving the roots inside the sieve. The 
cleaned roots were collected with tweezers and were transferred to separate containers of 
clean water (where required) to allow further cleaning through sedimentation of any 
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Plate 3.18 Lysimeter dissection. 
Plate 3.19 Lysimeter soil sampling procedure at end of experiment. 
remaining soil particles. The cleaned roots were then oven dried for 48 hours at <60°C and 
fmally their dry weights were recorded. Root density and distribution was thus able to be 
calculated. 
Root samples from depths of 0-25 cm, 25-50 cm and 50 cm plus were bulked 
together for each lysimeter and subsequently were very finely ground for analysis. An 
indication of the amount of N and 15N present in the roots was therefore obtained by 
analyzing these root samples, again using the Tracermass stable isotope analyser in 
conjunction with the Roboprep CN biological sample converter (Europa Scientific UK). 
3.11 EXPERIMENTAL PROBLEMS 
3.11.1 FLOOD DAMAGE 
On 11th January 1990, the underground irrigation system, which was used to irrigate 
the top of the lysimeter laboratory in between the lysimeters, burst. This caused copious 
quantities of water to flow on to the surface of two of the lysimeters. Fortunately, only one 
lysimeter 'pair' was affected - lysimeter numbers SS4 and NS4 respectively. 
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As a result of this mishap, these two lysimeters were no longer considered as true 
replicates for the experiment. For the purpose of this project, therefore, the results· from these 
two lysimeters will not be presented. Consequently, all results presented consider the other 
five pairs of lysimeters only. 
3.11.2 GRASS GRUB INFESTATION 
Around the time of the January harvest, it was noticed that the pasture on the two 
lysimeters (SS 1 and SS2) situated nearest to one end of the lysimeter laboratory appeared less 
healthy than the pasture on the other lysimeters. The reason for this was found to be as a 
result of a grass grub infestation affecting these two lysimeters. Immediately upon detection 
of this problem the pesticide 'Diazinon' was applied to all of the lysimeters at the rate of 11 
kg ha-1• Over the following weeks the pasture on the affected lysimeters regained a more 
healthy appearance. 
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CHAPTER FOUR: RESULTS 
4.1 FIELD SITE CHARACTERISATION 
4.1.1 SOIL TEXTURE 
Results from particle size analysis of the soil at the trial site were used to classify the 
soil texture, using the International Society of Soil Science (lSSS) particle size 
classification scheme. Table 4.1 shows the average texture present at 15 cm increments 
down the soil profile with details of the ranges of particle size being presented in 
Appendix 4.1. [A full profile description for Templeton silt loam is given in Appendix 
3.1.] 
Table 4.1 Soil texture. 
SOIL DEPTH (cm) SOIL TEXTURE 
0- 15 cm Silt loam 
15 - 30 cm Silt loam 
30 - 45 cm Silt loam 
45 - 60 cm Sandy loam 
60 - 75 cm Sandy loam 
75 - 90 cm Sandy loam 
90 - 105 cm Loamy sand 
105 - 120 cm Sandy loam 
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4.1.2 SOIL PHYSICAL PROPERTIES 
a) Dry bulk density 
In the non-subsoiled areas of the trial the soil dry bulk density generally increased 
with depth (Figure 4.1). Subsoiling tended to decrease the dry bulk density, particularly 
between 25 cm depth (the average lower depth limit of the topsoil) and the maximum 
depth of subsoiler penetration at 45 cm depth. In the tine zone a significant reduction in 
dry bulk density was found (p < 0.05) when compared to the non-subsoiled dry bulk 
density values. However, although the differences were not significantly different for the 
mid-tine zone when compared to the non-subsoiled values, there was a trend towards lower 
dry bulk densities in the mid-tine zone between 30 and 40 cm depth. Below the depth of 
subsoiling no significant differences were found between treatments. The dry bulk density 
data is presented in Appendix 4.2. 
b) Soil particle density and total porosity 
Particle density was lowest in the top soil, probably due to higher organic matter 
content, but was relatively constant below a depth of 25 cm (Table 4.2). Soil porosity (e) 
was calculated using Eqation 3.1 (Table 4.2). Soil porosity was greater within the depth of 
subsoiling compared to lower depths and to the non-subsoiled profile. 
c) Soil moisture release characteristic 
Soil moisture release characteristic data are presented in Appendix 4.3. 
d) Penetration resistance as a measure of soil strength 
Subsoiling was shown to result in a significant decrease (p < 0.01) in soil strength at 
the trial site, when measured five months after the subsoiling operation (Figure 4.2 and 
Appendix 4.4a). 
Penetration resistance has been shown to be a function of the water content and soil 
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Figure 4.2 Soil penetration resistance. 
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dry bulk density (Ayers and Perumpral, 1982). Therefore to assist comparisons to other 
situations the moisture content and dry bulk density values were measured at the same 
time as penetration resistance, and are presented in Appendix 4.4b. 
The decrease in soil strength was highest in the tine zone, with a much reduced 
effect found mid-way between tines. The difference was nevertheless still significant when 
compared to the non-subsoiled treatment from approximately 10 to 40 cm depth. However 
no significant differences were found between treatments for the top 3 cm depth of soil. 
These results are similar to the penetration resistance values reported by Greenwood (1989) 
in a study of the effects of subsoiling on a Wakanui soil carried out on the Lincoln 
University Research Farm. 
Table 4.2 Soil particle density and total porosity 
SOIL SOIL PARTICLE SOIL POROSITY 
DEPTH (cm) DENSITY (gcm-3) ± s.e. Subsoiled Non-subsoiled 
(share plane) 
0-5 cm 2.53 (0.03) 0.415 0.438 
5 - 10 cm 2.58 (0.03) 0.574 0.535 
10 - 15 cm 2.57 (0.04) 0.541 0.498 
15 - 20 cm 2.56 (0.02) 0.492 0.441 
20- 25 cm 2.59 (0.02) 0.544 0.506 
25 - 30 cm 2.64 (0.03) 0.557 0.451 
30 - 35 cm 2.64 (0.02) 0.561 0.424 
35 - 40 cm 2.65 (0.03) 0.502 0.362 
40 - 45 cm 2.67 (0.03) 0.393 0.397 
45 - 50 cm 2.63 (0.03) 0.357 0.346 
50 - 55 cm 2.63 (0.02) - -
55 - 60 cm 2.63 (0.04) - -
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e) Hydraulic conductivity 
The saturated hydraulic conductivity (Krs) of the non-subsoiled area increased down 
(fable 4.3) 
the profile, as me proportion of sand in the soil increased (Appendix 4.1). The range of 
A 
hydraulic conductivity values lies within the range normally found in land used for crops 
(Marshall and Holmes, 1979). According to the NZ drainage classification scheme 
(Bowler, 1981) the soil has moderate to moderately rapid drainage (drainage classes 3 to 
5). 
Table 4.3 Saturated hydraulic conductivity 
SOIL DEPTH (cm) SATURATED HYDRAULIC CONDUCTIVITY 
mm hr- l (± s.e.) ms-! 
0- 15 cm 6.6 (± 1.1) 1.82 x 10-6 
15 - 30 cm 2.1 (± 0.4) 5.72 x 10-6 
30 - 45 cm 23.6 (± 8.7) 6.54 x 10-6 
45 - 60 cm 61.9 (± 10.6) 1.71 x 10-5 
60 - 75 cm 49.2 (± 15.0) 1.37 x 10-5 
75 - 90 cm 76.1 (± 15.0) 2.11 x 10-5 
90 - 105 cm 104.7 (± 22.3) 2.91 x 10-5 
105 - 120 cm 96.0 (±16.2) 2.67 x 10-5 
4.1.3 ESTIMATION OF ROOT LENGTH AND DISTRIBUTION 
An estimation of root length in the subsoiled and non-subsoiled profiles was obtained 
using the profile wall method (Section 3.8.3). Due to insufficient replication, it was not 
possible to carry out any statistical analyses. 
In the topsoil (0 - 25 cm), no differences were apparent between treatments (Figure 
4.3). However, between 25 - 45 cm depth the subsoiled profile appeared to have a greater 
total root length. The loosening of the soil by the subsoiler would have enhanced the ease 
with which the roots would have grown through this layer. This effect was also indicated 
by the reduction in soil strength found in the subsoiled profiles (Section 4.1.2.d). Similar 
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increases in root length following subsoil loosening 'have been reported recently by 
Greenwood (1989). 
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Figure 4.4 shows the approximate distribution of the roots at the soil profile wall, 
giving an indication of the rooting density. An increase in the density of roots is apparent 
in the subsoiled profile when compared to the non-subsoiled distribution pattern. This has 
occurred particularly within the tine zone of the subsoiled profile, indicating that the roots 
have made the greatest proliferation in the region of maximum soil disturbance. 
In general, however, the roots in the non-subsoiled profile appear to reach slightly 
greater maximum depths than those in the subsoiled profile. 
4.1.4 SOIL CHEMICAL PROPERTIES 
a) Total nitrogen, carbon, the soil C:N ratio and mineralisable nitrogen 
Results of the analyses for these chemical properties are given in Table 4.4. Using 
the ratings of the New Zealand Soil Bureau for New Zealand Soils, the soil may be 
classified as low in organic matter (Table 4.5). 
b) Soil pH 
Results of pH determination for the soil at the trial site are presented in Table 4.6. 
In general the soil may be regarded as moderately acid (Blakemore et al., 1987). 
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Table 4.4 Total N, Carbon and C:N Ratios: 
Soil Depth Total Soil N Total Carbon C:N Ratio Mineralisable N 
(em) (%) (%) [j.1g N g-l soil] 
(± s.e.) 
0-5 0.255 2.88 11.29 10.5 (1.2) 
5 - 10 0.256 2.90 11.35 9.7 (1.2) 
10 - 15 0.271 3.05 11.27 10.7 (0.02) 
15 - 20 0.223 2.57 11.53 8.7 (1.8) 
20 - 25 0.169 1.92 11.35 4.8 (0.3) 
25 - 30 0.122 1.39 11.38 0.9 (0.4) 
30 - 35 0.087 0.91 10.45 1.9 (0.2) 
35 - 40 0.084 0.87 10.32 1.3 (0.1) 
40 - 45 0.055 0.51 9.36 0.7 (0.2) 
45 - 50 0.044 0.37 8.51 0.7 (0.3) 
50 - 55 0.032 0.28 8.64 0.6 (0.2) 
55 - 60 0.032 0.28 8.64 0.9 (0.08) 
60 - 70 0.028 0.23 8.16 n.d. 
70 - 80 0.028 0.23 8.13 n.d. 
80 - 90 0.020 0.15 7.54 n.d. 
90 - 100 0.016 0.11 6.83 n.d. 
100 - 110 0.016 0.11 6.71 n.d. 
n.d. = not determined 
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Table 4.5 Soil Organic Matter Classification 
RATING ORGANIC 
MATTER 
():?.S.\~ IC C (%) TOTAL N (%) C/N 
Very high > 20 > 1.0 > 24 
High 10 - 20 0.6 - 1.0 16 - 24 
Medium 4 - 10 0.3 - 0.6 12 - 16 
Low 2-4 0.1 - 0.3 10 - 12 
Very low <2 > 0.1 <10 
(Blakemore et al., 1987) 
Table 4.6 Soil pH at the trial site 
SOIL DEPTH (em) pH (± s.e.) 
0- 5 em 5.83 (0.24) 
5 - 10 em 5.79 (0.18) 
10 - 15 em 5.72 (0.18) 
15 - 20 em 5.84 (0.11) 
20 - 25 em 5.68 (0.18) 
25 - 30 em 5.51 (0.22) 
30 - 35 em 5.53 (0.20) 
35 - 40 em 5.57 (0.17) 
40 - 45 em 5.63 (0.16) 
45 - 50 em 5.72 (0.12) 
50 - 55 em 5.83 (0.07) 
55 - 60 em 5.87 (0.11) 
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c) Soil fertility 'quick test' 
Results of the MAF soil fertility 'quick tests' are presented in Table 4.7. 
Table 4.7 MAF Quick-test results 
pH Ca Mg K P S 
5.9 9 21 16 17 3 
medium medium high high medium low 
The values were classified using the ranges given by Cornforth (1980) (Appendix 4.5). 
All of the results except for that of sulphur indicated that adequate supplies of the 
nutrients tested were present in the soil. Sulphur was considered to be low and 
consequently 30 kg S ha-1 of Sulphur Super fertiliser was added to the trial site (Section 
3.1.4). 
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4.2.1 WATER BALANCE 
4.2.1.1 Rainfall data 
Fortnightly figures for the total inputs of natural rainfall, simulated rainfall and border 
dyke irrigation over the whole of the experimental period are depicted in Figure 4.5. Details of 
actual rainfall amounts per week are listed in Appendix 3.3. 
Natural rainfall inputs during the month of August were particularly high, whilst some of 
the other natural rainfall inputs for each month were generally lower than the 100 year local 
average monthly values (Appendix 4.6). 
The supplementary rainfall applied during the winter and spring period brought the total 
monthly inputs up to the 75th percentile of the 100 year meteorological data set. This ensured 
that moist conditions prevailed in the lysimeters (Section 4.2.1.3). During the summer and early 
autumn, the border dyke irrigation inputs, which simulated local district practices, also enabled 
the soil moisture deficit to be kept to a minimum. 
Soon after the cessation of border dyke irrigation, there was a period of very low natural 
rainfall, during the month of May. Since no supplementary rainfall was applied at this time it is 
therefore likely that the topsoil in particular dried out considerably over this period. Visual 
inspection of the topsoil in the lysimeters confmned this was the case. Unfortunately, due to 
malfunctioning tensiometers at 10 cm depth in the lysimeters, no matric potential data is 
available to support these visual observations. 
In general, however, soil conditions throughout the experiment were maintained at a 
relatively high moisture level, as will be described in Section 4.2.1.3. 
4.2.1.2 Evapotranspirative losses 
Evapotranspirative losses were calculated from the Priestley-Taylor equation, using data 
obtained from the local meteorological station, approximately 2 km from the lysimeter laboratory 
(Appendix 3.3). Morgan (1991) found that this method provided a relatively good estimate of 
evapotranspiration compared with results from weighing lysimeters in the same underground 
laboratory. Unfortunately problems with the weighing lysimeter system precluded their use in 
the present study. 
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Total fortnightly losses by evapotranspiration versus total water inputs are depicted in 
Figure 4.6. Generally water inputs exceeded the losses, suggesting that an adequate amount of 
water was supplied to the growing pasture. However, differences in the amount and rate of 
drainage from the subsoiled and non-subsoiled lysimeters indicated that different amounts of 
water were left in the soil; these differences are depicted in Figure 4.7, but will be discussed 
more fully later. 
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Figure 4.7 Cumulative total water inputs, evapotranspirative 
losses and drainage from the lysimeters. 
Soil matric potential 
Tensiometers, positioned at 10 cm depth in the soil profile of the lysimeters, generally 
failed to function satisfactorily, particularly during drier conditions. Consequently, the results 
from the tensiometers were considered unreliable and will not be reported. It was not possible 
to replace these surface level tensiometers without removing the lysimeters from the laboratory. 
Changes in matric potential at 20 cm depth, over the duration of the experiment, are 
depicted in Figure 4.8a. The soil generally remained moist throughout the period of the 
experiment, reaching its driest level during March, between border dyke irrigation inputs and 
when natural rainfall was low (Section 4.2.1.1). 
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Figure 4.8 Changes in soil matrie potential over the year of the experiment: 
a) at 20 em depth; b) at 40 em depth; and e) at 60 em soil depth. 
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At 40 cm depth (Figure 4.8b) i.e. just above the maximum depth of subsoiler penetration, 
the subsoiled profile generally remained drier than that of the non-subsoiled profile. By 
comparison, at 60 cm depths the subsoiled profile tended to stay wetter than the non-subsoiled 
proftle (Figure 4.8c). This provides some evidence of more effective drainage through the 
subsoiled depths, via the macropore channels created by the soil loosening operation. 
Figure 4.9a shows a typical rate of change in soil matric potential following a border dyke 
irrigation event. After the first application of border dyke irrigation (an input of 100 mm on 
4/12/90) the soil at 20 cm depth in the non-subsoiled lysimeters became saturated almost 
immediately and remained close to saturation for around 10 hours after the irrigation water was 
applied (Figure 4.9a). By contrast, the soil in the subsoiled lysimeters did not totally saturate at 
this depth (reaching a maximum matric potential of approximately -1.5 kPa). The subsoiled 
lysimeter initially appeared to drain more quickly than the soil in the non-subsoiled lysimeters. 
Approximately 40 hours after irrigation was applied, both proftles had reached a similar matric 
potential (around -3.5 kPa) and continued to dry out at similar rates over the following 3 days 
(Figure 4.9a). 
Just above the maximum depth of subsoiler penetration, (at 40 cm), the proftle in the 
subsoiled lysimeters wet up to approximately -1 Kpa very quickly « 1 hour) following border 
dyke irrigation (Figure 4.9b). Ten hours after irrigation, the subsoiled profile drained to a matric 
potential of -4 kPa. 
In contrast, the non-subsoiled profile did not initially wet up to the same extent as the 
subsoiled proftle at 40 cm depth. Instead the soil wet up at a slightly slower rate and then 
remained wetter than the subsoiled lysimeters from around 10 hours after application until 120 
hours after irrigation was applied - with the difference being on average approximately 1.5 kPa 
(Figure 4.9b). 
At 60 cm depth, the subsoiled profile wet up close to saturation almost immediately 
(Figure 4.9c). The soil then dried over the first ten hour period after application to around -3 
kPa, but by 20 hours after application, it once again reached -1 kPa matric potential, remaining 
at this level for around another 60 hours. This may be interpreted as indicating that a portion of 
the water entering the lysimeter by-passed the topsoil regions, reaching 60 cm depth almost 
immediately. This pulse of water was then followed around 20 hours later by the remainder of 
the drainage water. 
By contrast, in the non-subsoiled lysimeters, at 60 cm depth (Figure 4.9c) there was very 
little change in the matric potential of the soil, with only a very small gradual increase (relative 
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Figure 4.9 Changes in soil matrie potential following border dyke irrigation: 
a) at 20 em depth ; b) at 40 em depth,' and e) at 60 em soil depth. 
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to the subsoiled lysimeters) of approximately 2 kPa being detected over the 120 hour period 
following border dyke irrigation application. This provides some evidence of a slower rate of 
drainage in the non-subsoiled lysimeters. 
Approximately 90 hours after application, both the subsoiled and non-subsoiled profiles at 
60 cm depth reached very similar matric potential values (-7 kPa). 
Data from tensiometers placed at 100 cm soil depth in the lysimeters indicated that the 
suction of approximately 7 kPa applied at the base of the lysimeter to simulate field conditions 
(Section 3.3.6) was generally maintained throughout the experiment (Appendix 4.7). 
4.2.l.4 Drainage 
Typical drainage flow rates which occurred in each 'pair' of lysimeters are exemplified by 
Figure 4.l0, for the lysimeter pair SS2 and NS2. (Figures for the other four pairs of lysimeters 
are presented in Appendix 4.8). 
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Figure 4.10 Drainage flow rates for lysimeters SS2 and NS2 during the experiment. 
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An initial peak. at the start of the experiment was common to all of the lysimeters, but 
varied in size due to variable amounts of water being present at the very base of the lysimeter 
prior to the start of the experiment. A small peak. between 40 - 50 days after the start was also 
common to all lysimeters. This may be attributed to an increased amount of drainage occurring 
following a period of particularly high natural rainfall in August, at a time when 
evapotranspirative losses were low and the soil would still have been close to field capacity 
(since the experiment was started with the soil at approximately field capacity). 
Later in the experiment, rapid changes in drainage rate were apparent in the subsoiled 
lysimeters following border dyke irrigation (Figure 4.10). By contrast, the non-subsoiled 
lysimeters did not show any rapid changes in drainage flow rate until nearer to the autumn 
season. These differences in drainage flow rates between treatments agree with the changes in 
soil matric potential reported earlier, and supports the theory of enhanced macropore flow 
occurring in the subsoiled lysimeters compared with undisturbed soillysimeters. 
Figure 4.11 shows the mean cumulative amounts of drainage water collected from both the 
subsoiled and non-subsoiled lysimeters. The data which were used to generate this figure are 
given in Appendix 4.9. 
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Figure 4.11 Mean cumulative amounts of drainage from the lysimeters~ 
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After initial inspection and consultation with a statistician (l.R. Sedcole, pers comm.), a 
method for statistical analysis was chosen to compare the data sets. 
A non-linear curve fitting technique was employed to model the data. The logistic 
function (Equation 4.1; e.g., Seber and Wild, 1989) was found to best describe the rate of 
drainage over the experimental period. 
The Genstat statistical package was used for curvilinear regression analysis to model that 
data and test for statistically significant differences between data sets. Each drainage curve in 
each lysimeter was modelled using the following equation: 
y = c/(1 + e-b(x - m» ....................................... (4.1) 
Estimated values for the parameters b, m and c in equation 4.1 were generated, as well as 
an estimation of the percenta~e variance which was accounted for. 
The curve function is shown in Figure 4.12 and it can be seen that the gradient (the 
absolute growth rate of the curve) is positive throughout. The gradient increases in value near 
the beginning, and decreases towards the end of the growth period, so there is a point of 
inflection, with the curve being asymptotic to its maximum size c. 
The parameter c provided an estimate of the maximum value of y, which in this case 
referred to the total amount of drainage which occurred from each lysimeter. At the point of 
inflection, the point of maximum relative growth, y = c/2 (Figure 4.12). 
Where x = m, the curve reached its maximum relative growth rate at the point of inflection 
(Figure 4.12). Where m was small, the curve reached its maximum relative growth rate more 
quickly than where m was large. 
A sensitivity analysis of the model showed that changes to the size of parameter b affected 
the gradient of the curve, with larger values of b increasing the gradients accordingly (Appendix 
4.10). 
After obtaining estimates for each of these statistical parameters, an analysis of variance 
was carried out. Comparisons were made between the fitted curves for both subsoiled and non-
subsoiled lysimeters, by individually comparing the b, m and c parameters from each set of 
equations. 
y 
i 
c 
-------------------
x 
Point of inflection 
where x=m and 
y=c/2 
Figure 4.12 The curve of the logistic function. 
The total drainage over the whole of the experiment was fIrst analysed by this technique. 
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Of the three parameters, a signifIcant difference was found only for the c parameter (Table 4.8a), 
which indicated that the total amount of drainage over the whole of the experiment was 
signifIcantly higher (p = 0.025) in the subsoiled lysimeters. 
Further inspection of the mean cumulative drainage curve for the whole experimental 
period (Figure 4.11), showed there to be a trend towards an increase in the rate of drainage from 
the subsoiled lysimeters after the initiation of border dyke irrigation applications. This trend was 
also observed during the manual collection of the leachate, when the subs oiled lysimeters' 
collection vessels required emptying more quickly than those of the non-subsoiled lysimeters. 
Hence in order to test this hypothesis, the data set was split into two parts: (i) drainage during 
the period prior to border dyke irrigation (from day a to 146 of the experiment) and (ii) drainage 
during and after applications of border dyke irrigation (days 146 - 365). 
As before, curves were fItted to these two data sets using the logistic function to model the 
data. 
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Table 4.8a 
LYSIMETER 
NUMBER 
SSl 
SS2 
SS3 
SS5 
SS6 
I MEAN SS. 
NS1 
NS2 
NS3 
NS5 
NS6 
MEAN NS 
ANOVA 
Table 4.8b 
LYSIMETER 
NUMBER 
SSl 
SS2 
SS3 
SS5 
SS6 
I MEAN SS 
NS1 
NS2 
NS3 
NS5 
NS6 
MEAN NS 
ANOVA 
Drainage - statistical analyses for whole period of experiment using the 
logistic model (Days 0 - 365). 
MODEL PARAMETER (±s.e.) 
b m c 
0.009 ± 0.001 235.9 ± 34.6 808.0 ± 105.0 
0.011 ± 0.001 211.0 ± 16.0 852.4 ± 55.0 
0.010 ± 0.001 214.5 ± 24.8 775.9 ± 74.3 
0.010 ± 0.002 198.2 ± 34.9 602.0 ± 74.4 
0.011 ± 0.001 183.7 ± 14.5 720.6 ± 40.8 
I 0.010 ± 0.001 I 209.0 ± 8.7 I 752.0 ± 43.7 I 
0.011 ± 0.001 192.1 ± 18.6 645.1 ± 46.4 
0.013 ± 0.001 157.0 ± 12.0 542.5 ± 26.9 
0.011 ± 0.002 142.0 ± 16.3 482.6 ± 31.4 
0.008 ± 0.002 223.6 ± 55.4 558.0 ± 103.0 
0.008 ± 0.001 239.5 ± 44.6 681,0 ± 105.0 
0.010 ± 0.001 191.0 ± 18.7 582.0 ± 35.9 
n.s. n.s. p = 0.025 
? 
(%) 
94.7 
97.4 
95.5 
92.8 
97.3 
95.5 
96.3 
96.3 
93.4 
90.8 
94.4 
94.2 
Drainage - statistical analyses for period of experiment prior to border dyke 
irrigation (Days 0 - 146), using the logistic model. 
MODEL PARAMETER (± s.e.) 
? 
b m c (%) 
0.065 ± 0.005 35.6 ± 1.4 219.2 ± 3.6 98.9 
0.044 ± 0.004 44.1 ± 2.6 247.2 ± 7.4 98.1 
0.055 ± 0.007 49.5 ± 2.9 248.3 ± 9.1 96.8 
0.054 ± 0.004 42.1 ± 1.9 229.5 ± 5.2 98.5 
0.039 ± 0.005 50.2 ± 4.3 279.4 ± 13.5 96.7 
I 0.051 ± 0.005 I 44.3 ± 2.7 I 244.7 ± 10.3 I 97.8 
0.065 ± 0.006 37.9 ± 1.6 211.7 ± 4.2 98.5 
0.050 ± 0.006 50.6 ± 3.0 233.6 ± 8.6 97.4 
0.056 ± 0.006 42.6 ± 2.1 230.1 ± 5.8 98.2 
0.072 ± 0.007 37.5 ± 1.7 191.3 ± 3.9 98.3 
0.057 ± 0.005 38.0 ± 1.9 209.3 ± 4.7 98.3 
0.060 ± 0.10 41.3 ± 2.5 215.2 ± 7.7 98.1 
n.s. n.s. p = 0.038 
n.s. = not significant; ANOV A = Analysis of variance 
I 
I 
Table 4.8c 
LYSIMETER 
NUMBER 
SSI 
SS2 
SS3 
SS5 
SS6 
I MEAN SS 
NSI 
NS2 
NS3 
NS5 
NS6 
I MEAN NS 
I ANa VA 
Drainage - Statistical analyses for period of experiment during and after 
border dyke irrigation (Days 146 - 365), using the logistic model. 
MODEL PARAMETER (±s.e.) 
b m c 
0.041 ± 0.004 251.5 ± 2.5 400.5 ± 7.9 
0.036 ± 0.002 242.0 ± 1.6 476.9 ± 5.6 
0.033 ± 0.003 257.5 ± 2.9 410.6 ± 9.0 
0.037 ± 0.003 264.9 ± 2.8 284.4 ± 6.5 
0.026 ± 0.002 256.2 ± 4.1 387.3 ± 11.3 
I 0.035 ± 0.002 I 254.4 ± 3.8 I 392.0 ± 31.0 I 
0.029 ± 0.002 245.2 ± 3.6 352.6 ± 8.8 
0.026 ± 0.002 246.4± 3.6 291.0 ± 7.0 
0.021 ± 0.003 272.5 ± 10.9 262.5 ± 19.8 
0.030 ± 0.005 280.5 ± 6.7 260.1 ± 14.4 
0.028 ± 0.002 276.1 ± 3.8 323.8 ± 9.8 
I 0.027 ± 0.003 I 264.1 ± 7.6 I 298.0 ± 17.9 I 
I p = 0.008 I n.s. I p = 0.044 I 
n.s. = not significant; ANOVA = Analysis of Variance 
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? 
(%) 
99.4 
99.8 
99.4 
99.4 
99.2 
99.4 
99.2 
99.3 
97.0 
97.7 
99.3 
98.5 
During the period prior to border dyke irrigation, the only significant difference found was 
again for the c parameter (p = 0.038; Table 4.8b), indicating that the total drainage over that 
period was higher in the subsoiled lysimeters. However, during and after border dyke irrigation 
applications, the analysis of variance determined that both the c and the b parameters were 
significantly higher (p = 0.044 and p = O.OOS respectively) in the subsoiled lysimeters (Table 
4.Sc). This indicated that the total amount of drainage (given by parameter c) was greater in the 
subsoiled lysimeters during this time, and also that the time frame over which the bulk of this 
water drained was shorter in the subsoiled lysimeters than in the the non-subsoiled lysimeters 
(since the gradient of the logistic curve increases with an increase in the b parameter). 
Indirectly, this implied that the rate of drainage from thesubsoiled lysimeters was faster than 
from the non-subsoiled lysimeters during the time of border dyke irrigation. 
These differences following border dyke irrigation may be attributed to the different flow 
mechanisms occurring under ponded conditions. Ponded infiltration would have led to enhanced 
macropore flow in the subsoiled lysimeters via the channels created by the subsoiling operation. 
Subsoiling therefore appears to have increased the total amount of drainage produced as 
well as increasing the rate of drainage under ponded infiltration conditions. 
I 
I 
I 
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4.2.1.5 Total water balance 
Using the water balance equation (Equation 4.2), a total water balance was used to 
calculate the drainage for each individuallysimeter (Appendix 4.11). The mean results for the 
subsoiled and non-subsoiled lysimeters are presented in Table 4.9. 
Wd = Wi + Wp - We - ~s ................................. (4.2) 
where W d = amount of drainage; 
Wi = inputs by irrigation; 
W p = inputs by precipitation; 
We = amount of evapotranspiration, and; 
.15 = the amount of water stored in the soil profile, which in this case was obtained by 
difference. (All units are in mm.) 
Table 4.9 MEAN TOTAL WATER BALANCE (units in mm). 
I I Wp I Wi I We I ~s I Wd I 
SUB SOILED 688 892 828 105 648 
NON -SUB SOILED 688 892 828 235.4** 517.0** 
Comparison of the treatment means by analysis of variance (using the Statview 
statistical package), showed that there was a significantly greater amount of drainage from the 
subsoiled lysimeters (p < 0.05) and that the total amount of water calculated to be stored in the 
non-subsoiled lysimeters was significantly higher (p < 0.05). 
These calculations agree with tensiometer data (Section 4.2.1.3) and with the logistic 
model analyses reported previously. 
99 
4.2.2 PASTURE 
4.2.2.1 Dry matter yields 
Dry matter yields were calculated as the amount of dry matter produced between 
successive harvests (cut above approximately 7 cm pasture heights) and were expressed in terms 
of grams of dry matter per square metre. 
The Statview statistical package was used to analyse the data by analysis of variance. 
Differences between treatment means were tested for statistical significance by 'Fisher's 
protected least significant difference technique'. 
Over the complete duration of the experiment, it was found that the grand· total dry matter 
production for the whole pasture sward (grass + clover) was significantly higher in the 
non-subsoiled lysimeters (p = 0.0297) than in the subsoiled lysimeters (Table 4.lOc). However, 
this difference was not considered to be due to treatment effects, but due to differences between 
treatments caused by a grass grub infestation which affected two of the subsoiled lysimeters half 
way through the experiment. This is discussed later. 
The results nevertheless contrast with the findings of other workers (Section 2.3.2) who 
showed that subsoiling increased the yields of a variety of plants on a number of different soils. 
In this experiment the subsoiling operation had no effect upon the total pasture yield. Eck and 
Unger (1985) reported that the response to subsoiling was greatest in very dry seasons. 
Consequently, since this experiment was conducted under irrigated conditions, this may partially 
explain why no response to the subsoiling operation became apparent. Root depth and density 
were also not affected by the subsoiling operation (Section 4.2.6). Since subsoiling both 
increases aeration and reduces soil compaction, it may be concluded that the penetration of the 
plant roots to depth had not been limited either by soil compaction or insufficient aeration prior 
to the subsoiling operation. As a result, subsoiling did not remove any physical limitation to 
plant growth and consequently had no effect on the pasture yields overall. 
The average daily growth rates for the grass component of the pasture over the periods 
between harvests, are depicted in Figure 4.13a Seasonal effects are clearly apparent, with the 
maximum growth rate (approximately 9 g DM m-2 day-i) being at the October harvest. The 
high growth rate during this spring period is likely to have occurred through the response by the 
grass to the nutrients contained in the synthetic urine applied in July - and in particular through 
the response to the applied nitrogen, as discussed later. Throughout the year, however, the 
growth rates in both the subsoiled and non-subsoiled lysimeters are, in general, similar. 
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Table 4.1Oa RESULTS OF STATISTICAL ANALYSES OF THE DRY MATTER 
PRODUCTION - GRASS YIELDS. 
MONlli OF TOTAL DRY STANDARD ANALYSIS OF VARIANCE -
HARVEST MATTER YIELD ERROR STATISTICAL SIGNIFICANCE 
(g DM m-2) 
SS 123.88 19.49 
AUGUST 
NS 118.68 12.07 
n.s. 
SS 142.04 9.26 
SEPTEMBER 
NS 170.76 12.20 
n.s. 
SS 241.16 17.68 
OCTOBER 
NS 254.64 15.38 
n.s. 
SS 205.8 14.23 
NOVEMBER 
NS 197.4 14.95 
n.s. 
SS 134.84 29.68 
JANUARY 
NS 153.83 12.78 
n.s. 
SS 71.38 24.82 P = 0.0284; 
FEBRUARY 
NS 118.60** 15.98 PLSD = 39.05 
SS 76.72 7.93 
APRIL 
NS 67.54 1.83 
n.s. 
SS 113.80 10.62 
JUNE 
NS 94.04 7.59 
n.s. 
SS 145.94 13.73 
JULY 
NS 142.37 23.47 
n.s. 
GRAND SS 1255.56 116.09 
n.s. 
TOTAL NS 1317.9 69.33 
Table 4.lOb RESULTS OF STATISTICAL ANALYSES OF THE DRY MATIER 
PRODUCTION - CLOVER YIELDS. 
MONTH OF TOTAL DRY STANDARD ANALYSIS OF VARIANCE -
HARVEST MA TIER YIELD ERROR STATISTICAL SIGNIFICANCE 
(g DM m-2) 
SS 17.36 4.5 
AUGUST n.s. 
NS 21.76 8.63 
SS 22.48 7.79 
SEPTEMBER 
NS 30.08 lO.54 
n.s. 
SS 38.24 12.76 
OCTOBER 
NS 48.76 20.81 
n.s. 
SS 50.64 17.51 
NOVEMBER 
NS 66.52 24.46 
n.s. 
SS 59.81 6.12 
JANUARY 
NS 118.43 27.60 
n.s. 
SS 54.97 22.69 P = 0.0067; 
FEBRUARY 
NS 127.90** 18.lO PLSD = 39.20 
SS 50.89 17.79 p = 0.0098; 
APRIL 
NS 97.67*** 9.30 PLSD = 46.47 
SS 28.26 8.27 
JUNE 
NS 41.71 9.26 
n.s. 
SS 19.96 5.91 p = 0.0632; 
JULY 
NS 46.52* 15.77 PLSD = 22.20 
GRAND SS 341.67 27.10 
n.s. 
TOTAL NS 599.30 128.38 
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Figure 4.13a Grass growth rates between successive harvests. 
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Figure 4.13b Clover growth rates between successive harvests. 
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Total dry matter production by the grass component of the pasture at each harvest was not 
significantly different between treatments, except at the February harvest, when the 
non-subsoiled lysimeters produced a significantly greater amount of dry matter (p = 0.0284) 
(Table 4.lOa). At this time, two of the lysimeters (SS 1 and SS2) became infested by grass grub, 
which markedly decreased their yields. Removal of these lysimeters from the analysis of 
variance resulted in there being no significant difference between the treatment means, thus 
indicating the reason for the apparent significant difference between treatments was in fact due 
to the grass grub infestation. 
The average daily growth rates for the clover over the periods between harvests are shown 
in Figure 4.13b. The growth rate gradually increased from August through to November for the 
subsoiled lysimeters and thereafter remained relatively constant until April, decreasing markedly 
during June and July. Similarly for the non-subsoiled lysimeters, the growth rate gradually 
increased from August through to a peak rate in February of around 3 g DM m-2 day-I, remained 
at a similar level until April and thereafter markedly decreased. 
From August to November the clover is likely to have been suppressed by the very 
actively growing grass component. This is partially a seasonal effect, but is also in response to 
the synthetic urine application. Clover is a poor competitor with grass for mineral nitrogen 
(Mouat and Walker, 1959; Vallis, 1978; Haynes, 1981). Following the application of nitrogen 
the growth of the grass increased, which in turn shaded the more prostrate clover and thus 
reduced the light incident upon the clover. Clovers have a very high light requirement 
(Blackman, 1938; Beinhart, 1963) and were consequently suppressed under these conditions. 
In addition, it has been found that nodulation is also restricted when the plants are shaded 
(Langer, 1984) and that the roots in general suffer more than the shoots. Furthermore, greater 
suppression is found where there is infrequent defoliation, and suppression is particularly severe 
when temperatures are high (Mitchell, 1956). 
Dry matter production by the clover component was significantly higher in the 
non-subsoiled lysimeters for three of the pasture harvests: February (p = 0.0067); April 
(p = 0.0098) and July (p = 0.0632) (Table 4.lOb). The reason for these differences at both the 
February and April harvests is likely to be due in part to the effect of the grass grub infestation 
on two of the subsoiled lysimeters. All the lysimeters were treated with pesticide (Section 
3.11.2) and grass seed was sown on the lysimeters which were affected by grass grub damage. 
Consequently, since only grass seed was sown, the clover took longer to recover from the grass 
grub infestation and hence the clover yields were still significantly lower in the subsoiled 
lysimeters at the April harvest. 
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However, the differences might also be attributed to the amounts of water stored in the soil 
profiles of the lysimeters. Clover is a shallow rooting plant and therefore its growth can be 
severely affected when dry weather causes the topsoil to dry out (Langer, 1984). Unlike grass, 
during periods of dry weather the clover does not have deep roots capable of drawing upon the 
soil's water reserves at depth, and is therefore more prone to water stress during such conditions. 
The amount of water which was stored in the non-subsoiled lysimeters was greater than in the 
subsoiled lysimeters (Section 4.2.1.4) and consequently the plants in the non-subsoiled lysimeters 
would have been under less water stress. 
The significant difference at the July harvest may also be attributed to water stress in the 
subsoiled lysimeters. A very dry period of weather in June (Section 4.2.1.1) caused a reduction 
in clover growth on all of the lysimeters, but still resulted in higher yields in the non-subsoiled 
lysimeters, due to the greater amount of water retained (Section 4.2.1.4). 
Responses to applied urine have been noted to last for three to four months, with the yield 
response to nitrogen being almost entirely from the grass component in a grass/clover sward 
(Section 2.2.4.1). This also appears to be reflected in the results from this experiment, with high 
yields from the grass component for the first four months following urine application. During 
this time, the grass used up the majority of the available nitrogen and grew vigorously. 
However, by the summer, such vigorous growth may have depleted the mineral nitrogen 
supplies. Consequently, grass dominance decreased and the clover began to grow more actively, 
since it was able to fix its own nitrogen symbiotically from the atmosphere. 
Total dry matter production for the complete sward (grass + clover; Figure 4.13c) was 
significantly higher in the non-subsoiled lysimeters for three of the pasture harvests: in 
September (p = 0.(028); February (p = 0.0106); and April (p = 0.0184) respectively (Table 
4.1Oc). The significant difference in September may be attributed to both soil and climatic 
factors. Prior to the September harvest, rainfall inputs were relatively high, but the amount of 
water retained by the non-subsoiled lysimeters was higher than that of the subsoiled lysimeters 
(Section 4.2.1.4). This then rendered a greater amount of water readily available to the plants in 
the non-subsoiled lysimeters, thus enhancing their growth. Secondly, as a result of faster 
drainage in the subsoiled lysimeters (Section 4.2.1.4), a higher proportion of the available 
mineral nitrogen appeared to leach from the subsoiled lysimeters (Section 4.2.3). This would 
have left a smaller amount of nitrogen readily available to the plant roots, most of which were 
present in the topsoil regions (Section 4.1.7). 
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The reasons for the significant differences in both February and April are, as outlined 
previously for the individual grass and clover components, a result of the grass grub infestation 
on two subsoiled lysimeters, with the pasture having still not fully recovered from the infestation 
by the April harvest. 
It is therefore as a result of these significant differences that the actual grand total herbage 
yields for the year were found to be significantly higher (p = 0.0297) in the non-subsoiled 
lysimeters (Table 4.1Oc). In 'real terms', however, the difference was not significant, but almost 
entirely as a result of the effects of the grass grub damage to the two subsoiled lysimeters. 
Removal of the grass grub affected data from the statistical analyses showed upon analysis of 
variance that there was no significant difference found between treatments for the rest of the 
data. This then supports the hypothesis that the grass grub damage produced an artificial 
significant difference between the treatments. 
Due to the high inputs of both nitrogen and potassium supplied by the applied synthetic 
urine, the pasture growth rates in the lysimeters were considerably higher than the local average 
pasture growth rates. For example, the Lincoln University Dairy Farm recorded a maximum 
growth rate of around 50 kg DM ha-l day-l in October 1990 as an average for their pastures 
(Appendix 4.12). This compared to an average maximum growth rate of around 100 kg DM 
ha-l day-l measured in the lysimeters over the same period (Table 4.lOc; Figure 4. 13c). 
4.2.2.2 Nutrient uptake 
The Statview statistical package was used to analyse the plant nutrient concentration, 
uptake, and nutrient recovery data by analyses of variance. Differences between treatment 
means (subsoiled versus non-subsoiled) were tested for significance using Fisher's protected least 
significant difference technique. 
a) Percent nitrogen 
The critical N concentration, below which there is likely to be a yield response to nutrient 
application, is reported to lie in the range 4.5 - 5% for ryegrass (MacNaught, 1970). Once the 
critical concentration is reached, under conditions conducive to active growth, no further 
increases in yield of the herbage are likely to occur, although the content of the limiting nutrient 
in the herbage may continue to rise. This is termed 'luxury consumption' and is very common 
in grasses (Scott, 1984). 
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Table 4.1Oc RESULTS OF STATISTICAL ANALYSES OF THE DRY MATTER 
PRODUCTION - TOTAL PASTURE YIELDS. 
MONTH OF TOTAL DRY STANDARD ANALYSIS OF VARIANCE-
HARVEST MA TIER YIELD ERROR STATISTICAL SIGNIFICANCE 
(g DM m-2) 
SS 141.22 16.15 
AUGUST 
NS 140.84 16.23 
n.S. 
SS 164.52 7.24 P = 0.0028; 
SEPTEMBER 
NS 200.72*** 3.24 PLSD = 25.38 
SS 279.40 14.2 
OCTOBER 
NS 303.40 18.73 
n.s. 
SS 256.24 15.56 
NOVEMBER 
NS 263.56 19.66 
n.s. 
SS 194.65 32.41 
JANUARY 
NS 260.35 26.20 
n.s. 
SS 125.33 42.03 p = 0.0106; 
FEBRUARY 
NS 246.50** 26.80 PLSD = 74.27 
SS 127.61 14.00 P = 0.0184; 
APRIL 
NS 165.20** 7.99 PLSD = 27.13 
SS 142.06 9.829 
JUNE 
NS 135.75 13.05 
n.s. 
SS 165.90 14.967 
JULY 
NS 188.86 29.921 
n.s. 
GRAND SS 1597.03 105.57 p = 0.0297; 
TOTAL NS 1905.17 86.43 PLSD = 258.77 
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Figure 4.13c Total pasture growth rates between successive harvests. 
The concentration of nitrogen present in the dry matter of the grass component of the 
pasture decreased from a maximum of around 5% N in August to a minimum of around 1.5% N 
in January (Figure 4.14a). There is a high concentration of nitrogen present in August, probably 
as a direct response to the nitrogen contained in the urine applied in July (50 g N m-2). Hence, 
during the fIrst two months after the urine was applied, the grass appeared to partake in lUXury 
consumption of nitrogen (Figure 4.14a), as nitrogen was readily available in excess to the 
pasture's requirement. With time, however, a proportion of the nitrogen was either removed by 
the pasture cuts, leached (Section 4.2.3), immobilised or denitrified, rendering a smaller amount 
of nitrogen available in the soil and consequently resulting in a decrease in the nitrogen content 
of the grass. 
Since evapotranspiration was greatest during the summer months, the availability of water 
in the surface soil was probably a limiting factor during December to April (Section 4.2.1.2). 
When low natural rainfall occurred, the plants were heavily dependent upon irrigation for their 
supply of water. In the periods between irrigation events, the non-subsoiled lysimeters, with 
their greater water holding capacity (Section 4.2.1.4) were probably better able to sustain a high 
pasture growth rate. Consequently, a greater proportion of nitrogen was thus able to be utilised 
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by the plants in the non-subsoiled lysimeters. 
There may also have been differences in nutrient availability between treatments. A 
greater amount of macropore flow and leaching in the subsoiled lysimeters (via the channels 
created by the subsoiling operation) may have decreased the amount of mineral nitrogen present 
in the vicinity of the plant roots (Section 4.2.3.2). This then partially explains why the pasture 
in the non-subsoiled lysimeters contained a significantly higher amount of nitrogen (p = 0.0026) 
than did the pasture in the subsoiled lysimeters at the April harvest (Appendix 4.13a). At all 
other harvests there were no significant differences between the treatment means for the 
concentration of N found in the grass component of the pasture. 
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Figure 4.14a Nitrogen concentration present in the grass 
component of the pasture at each harvest. 
6r---------------~============~ 
5 
4 
%N 3 
2 
1 
o 
• Subsoiled {± s.e.} 
El Non-subsoiled {± s.e.} 
AUG SEP OCT NOV JAN FEB APR JUN JUL 
Figure 4.14b Nitrogen concentration present in the clover 
component of the pasture at each harvest. 
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The concentration of nitrogen found in the clover component also peaked at around 5% N. 
However, the decline in nitrogen content of the clover was smaller than in grass, falling to a 
minimum of around 3% N in January. The critical concentration for clover under conditions 
conducive to optimum growth is reported to lie in the range 4.8 - 5.5% N (MacNaught, 1970), a 
slightly higher range than that quoted earlier for ryegrass. 
During the ftrst three months after urine application, therefore, luxury consumption of 
nitrogen by the clover appears to have taken place. However, since it is likely that the mineral 
nitrogen in the soil decreased with time (through, leaching, denitriftcation, immobilisation or 
plant removal), then so too did the nitrogen content of the clover decrease. The extent of this 
decrease was not as marked as it was for the grass component (Figures 4.14a and 4.14b). This 
is because the clover would have been able to ftx its own nitrogen from the atmosphere as well 
as utilise any free mineral nitrogen. Calculated estimates of the percentage of nitrogen 
fixed by the clover plants at each harvest are presented on page 234. 
Similar to the grass component, the only signiftcant difference in nitrogen concentration 
occurred in April when the non-subsoiled lysimeters were found to have a significantly higher 
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nitrogen concentration (p = 0.0001) (Appendix 4. 13b). This may be attributed to the higher 
levels of mineral N remaining in the non-subsoiled lysimeters, caused by less N being leached 
from the non-subsoiled lysimeters. This would therefore provide a greater amount of nitrogen 
available to the plants for uptake in the non-subsoiled lysimeters. 
b) Nitrogen uptake 
Overall, the total uptake of nitrogen by the grass component over the whole year of the 
experiment was not significantly different between treatments (Appendix 4.14a). 
During the first four months after the synthetic urine application, it is apparent that a large 
amount of nitrogen was taken up and utilised by the grass component of the pasture (Figure 
4.15a). Generally, grasses are extremely efficient at recovering applied nitrogen, as under most 
field conditions grass growth is usually limited by the supply of available nitrogen 
(Section 2.2.4.1). From October onwards, however, the amount of nitrogen uptake by the grass 
decreased markedly. 
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Figure 4.1Sa Total amount of nitrogen taken up by the grass 
component of the pasture at each harvest. 
Total 
10~-----------------r~~==~====~ 
II Subsoiled {± s.e.} 
9 
[3 Non-subsoiled {± s.e.} 
8 
1 
6 
N 
Uptake 
(gN/m2) 5 
4 
3 
2 
1 
o 
AUG SEP OCT NOV JAN FEB APR JUN JUL 
Figure 4.15b Total amount of nitrogen taken up by the clover 
component of the pasture at each harvest. 
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At the February harvest, the nitrogen uptake by the grass in the non-subsoiled lysimeters 
was significantly higher than in the subsoiled lysimeters (p = 0.0234) (Appendix 4.14a). This is 
a reflection of the decrease in yields found as a result of a grass grub infection at this time 
(Section 4.2.2.1). After the detection of the grass grub problem, the lysimeters were all treated 
with pesticide (Section 3.11.2) and some grass seed was carefully sown on the affected 
lysimeters. Consequently, as the new pasture took time to establish, the effects of the grass grub 
problem were still present at the April harvest, resulting in on apparently higher amount of 
nitrogen being taken up by the grass in the non-subsoiled lysimeters (p = 0.0703). By contrast, 
however, at the June harvest, the subsoiled lysimeters had taken up a significantly higher amount 
of nitrogen (p = 0.052; Appendix 4.14a). This may be attributed to large amounts of nitrogen 
being assimilated by the newly sown grass during its early stages of growth, on the previously 
grass grub infested lysimeters. There may also have been some additional mineral nitrogen 
made available for plant uptake in these lysimeters from the decay of the dead grass grub 
affected plants and indeed also some nitrogen may have been released upon the death of the 
grass grubs themselves after treatment with pesticide. 
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By the July harvest no significant differences between treatments were found. 
Application of nitrogen to a grass/clover pasture mayor may not affect the clover growth, 
depending upon the conditions at the time of application (Section 2.2.4.1). The time of 
application, frequency and severity of defoliation, as well as clover content of the sward have all 
been shown to be important influential factors. The effect of nitrogen in suppressing clover 
growth in a pasture may be as a result of the nitrogen causing an increase in shading of clover 
plants and nutrient competition by the associated grasses. Figures 4.1Sd and 4.1Se show that 
during the fIrst four months after urine application in particular, the grass component took up 
large amounts of nitrogen when compared to the clover component. When considered alongside 
the yields of the grass and clover components - which followed an almost identical pattern to N 
uptake - it may be concluded that it is likely that the grass was dominant at this time, 
suppressing the growth of the clover during the fIrst four months following urine application. 
The suppression of clover growth in a grass/clover pasture is reported to be reduced by frequent 
cutting to reduce competition for light (Scott, 1984). In this experiment, since harvests were 
conducted at fairly regular intervals, this may partially account for the gradual increase in clover 
yields (Figure 4.13b) and clover nitrogen uptake (Figure 4.1Sb) by the summertime. As the 
mineral nitrogen supplies are depleted (due to removal in pasture cuts, immobilisation, leaching 
and denitrifIcation), the grass becomes less dominant, thus enabling enhanced clover growth, as 
the clover is able to fIx its own nitrogen and does not rely solely on the soil's mineral nitrogen 
reserves. 
However, superimposed upon this trend are seasonal effects, as most clovers grow poorly 
in the winter to early spring period, when soil temperatures are too low to permit signifIcant 
nitrogen fIxation, but high enough to permit some grass growth. 
The nitrogen uptake by the clover component of the pasture was signifIcantly different 
between treatments for three of the pasture harvests - in February (p = 0.0089); April (p = 
0.0001); and July (p = 0.0269) respectively (Appendix 4.14b). In both February and April, once 
again the differences may be partially attributed to the grass grub problem, but may also be 
attributed to the shallow rooting clover plants not being able to obtain suffIcient water from the 
subsoiled lysimeters due to the more efficient drainage and lower water holding capacity in the 
subsoiled lysimeters (Section 4.2.1.4). In addition, since no clover seed was sown on the grass 
grub affected lysimeters, the clover plants took longer to re-establish than did the grass, resulting 
in a signifIcant difference still being found at the April harvest. 
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Due to these significant differences in clover nitrogen uptake, the total nitrogen uptake by 
the clover over the whole of the year of the experiment was found to be significantly higher in 
the non-subsoiled lysimeters (p = 0.0943; Appendix 4.14b). 
As a result of the differences outlined above for both the grass and clover components, the 
total nitrogen uptake by the complete sward (grass + clover) was also significantly higher in the 
non-subsoiled lysimeters (Figure 4.1Sc; Appendix 4.14c). This significant difference may 
however be considered as an artefact of the dominant influence of the grass grub damage to· the 
pasture. When the two grass grub affected lysimeters were removed from the statistical analysis, 
no significant differences were found between the· treatments. Therefore the 'real' difference 
between the treatments was probably not significant. 
TOTAL 
11~------~~--------~~~~~==~ 
II Subsoiled {± s.e.} 
10 EJ Non-subsoiled {± s.e.} 
9 
8 
7 
N 6 
UPTAKE 
(gN/m2) 5 
4 
3 
2 
1 
o 
AUG SEP OCT NOV JAN FEB APR JUN JUL 
Figure 4.15c Total amount of nitrogen taken up by the total pasture 
at each harvest. 
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Figure 4.15e Total amount of nitrogen taken up by the grass 
and clover components of the pasture in the non-subsoiled lysimeters. 
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In general, the differences which were found could mainly be attributed to changes in the 
growth of the clover component throughout the experiment (Figure 4.1Sc). Overall, the grand 
total of nitrogen taken up the pasture was found to be significantly higher (p = 0.0341) in the 
non-subsoiled lysimeters, although the 'real' difference was probably not significant. 
In terms of the project objectives, these results show that subsoiling of this Templeton silt 
loam did not increase the amount of nitrogen which was taken up by the pasture plants. 
c) Uptake of15N by pasture 
Pasture samples from each harvest were analysed for total nitrogen and total 15N content. 
A summary of the results is given in Tables 4.11a, 4.11b and 4.11c, for the grass, clover and 
total pasture (grass + clover) components respectively. The amount of unlabelled nitrogen was 
calculated as the difference between the total nitrogen and the amount of 15N present in the 
samples. The amount of 15N recovered was calculated using the formula given by Cabrera and 
Kissel (1989): 
%N recovered = 100 x p(c - b) / f(a - b) 
where p = moles of N in the plant material 
f = moles of N in the urine applied 
c = atom % 15N abundance in the plant 
a = atom % 15N abundance in the applied urine 
b = atom % 15N abundance of plants grown in soil unaffected by urine 
(where b was measured by harvesting the pasture on the 
lysimetersprior to the application of 15N) 
In the summary tables, the recovery of urine 15N is expressed both in terms of the percentage of 
the total amount of nitrogen taken up by the plants which the 15N represents, and also as a 
percentage of the total amount of 15N which was applied at the start of the experiment. 
Results of 15N analyses indicated that the majority of the 15N which was recovered in the 
herbage was taken up by the grass component. An average of approximately 37% of the applied 
15N was taken up by the grass in both the subsoiled and non-subsoiled lysimeters (Table 4.11a). 
This compared to an average of approximately 4% of the applied 15N being taken up by the 
clover component of the pasture over the experimental period (Table 4.11b). Approximately 
88% of the 15N recovered by the grass component was done so during the first four months 
following the application of the urine (Figure 4.16a: August to November harvests). 
Table 4.11a PASTURE HARVEST N UPTAKE - GRASS (11 July 1990 - 11 July 1991) 
Lysimeter Yield Nitrogen Uplake (g N m-2) 
Number (g DM m-2 yr-1) 
Labelled N Unlabelled N TolalN 
SSl 1093.08 15.706 16.623 32.329 
SS2 1008.08 12.758 15.853 28.611 
SS3 1550.88 23.107 24.342 47.449 
SS5 1522.80 24.358 21.611 45.969 
SS6 1102.96 15.255 16.133 31.388 
Mean SS 1255.56 ± 116.09 18.237 ± 2.308 18_912 ± 1.719 37.149 ± 3.957 
(± s.c.) 
NSI 1435.78 19.193 20.781 39.974 
NS2 1316.84 19.257 20.721 39.991 
NS3 1506.64 20.714 23.501 44.215 
NS5 1170_58 18.229 19.486 37_715 
NS6 1160.04 17.990 17.568 35.558 
Mean NS 1317.98 ± 69.33 19.077 ± 0.481 20.411 ± 0.967 39.491 ± 1.439 
(± s.e_) 
<--
Statistical comparisons SS vs NS. '" significant at p < 0.10; "'''' significant at p < OJ)5 
Ratio 
Labelled! 
Unlabelled 
0_945 
0.805 
0.949 
L127 
0.946 
0.954 ± 0.051 
0.924 
0.929 
0.881 
0.935 
1_024 
0.939 + 0_023 
Urine 15N laken up 
As % of total grass As % of ISN 
N applied 
48.581 31.343 
44.591 25.458 
48.699 46.112 
52.988 48.603 
48_601 30.437 
48.692 ± L328 36.39 ± 4.60 
48.013 38.308 
48.153 38.427 
46.848 4L334 
48.333 36.375 
50.593 35.898 
48.388 ± 0_610 38.07 ± 0.96 
..... 
..... 
m 
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Grass recovery of nitrogen 
The 15N recovery by the grass component was not significantly different between the 
subsoiled and the non-subsoiled lysimeters, except at the February harvest - when it was 
significantly higher (p = 0.0388) in the non-subsoiled lysimeters - and at the April harvest when 
it was significantly lower (p = 0.0178; Appendix 4.15a). The difference in February may be 
attributed to the grass grub infestation, as discussed previously (Section 4.2.2.1). After the 
detection and treatment of the grass grub infestation some grass seed was sown on the surface of 
the damaged lysimeters. Consequently, in April the significantly larger recovery of 15N by the 
grass in the subsoiledlysimeters may be attributed to the young newly sown grass taking up the 
15N which was released into the soil when grass grub activity caused the death of the plants. 
After the treatment with pesticide, some 15N would also have been released upon the death and 
decay of the grass grubs themselves, thus rendering a greater amount of 15N as readily available 
for uptake in the subsoiled lysimeters at this time. 
The lack of a significant difference in grass uptake of 15N between the treatments for the 
majority of the trial indicates that the subsoiling operation did not affect the capture of the 
applied urine nitrogen. The cumulative 15N uptake results over the twelve months were not 
significantly different between treatments (Appendix 4.15a). 
Clover recovery of nitrogen 
In total, only a small fraction of the applied 15N was taken up by the clover component 
(approximately 4%; Table 4.11b). There were no significant differences between treatments, 
except for the February harvest (p = 0.0419; Appendix 4. 15b), when the grass grub damage 
would have affected the results. Although no other significant differences were found, there 
appeared to be a trend towards the clover in the non-subsoiled lysimeters also recovering a 
slightly higher proportion of the applied 15N from August through to the January harvests 
(Figure 4.16b). 
As will be described later, a larger amount of the J5N applied was leached from the 
subsoiledlysimeters (Section 42.3.2). Consequently, it is likely that there would have been a 
smaller amount of 15N left available to the shallow rooting clover plants in the subsoiled 
lysimeters. Since clover does not compete well with grass for mineral nitrogen (Sections 2.2.4.1 
and 4.2.2.1), the grass component took up a much greater proportion of the 15N present in the 
soil than did the clover - in both the subsoiled and the non-subsoiled lysimeters (Figures 4.16d 
and 4.16e). 
Table 4.11b PASTURE HARVEST N UPTAKE - CLOVER (11 July 1990 - 11 July 1991) 
Lysimeter Yield Nitrogen Uptake (g N m -2) 
Number (g DM m-2 yr-1) 
Labelled N Unlabelled N Total N 
SSl 382.34 2.741 11.206 13.947 
SS2 342.56 2.117 10.217 12.334 
SS3 237.22 1.376 7.781 9.157 
SS5 381.64 1.022 12.796 13.818 
SS6 364.60 0.807 12.289 13.096 
Mean 341.67 ± 27.10 1.613 ± 0.359 10.858 ± 0.889 12.470 ± 0.877 
(± s.e.) 
NSI 332074 0.327 11.964 12.291 
NS2 378.28 0.734 14.037 14.771 
NS3 473.06 1.507 16.980 18.487 
NS5 854.30 4.798 28.578 33.376 
NS6 958.12 6.219 31.432 37.651 
MeanNS 599.30 ± 128.38 2.717 ± 1.177 20.598 ± 3.948** 23.315 ± 5.121* 
(± s.e.) 
Statistical comparisons SS vs NS. * significant at p < 0.10; ** significant at p < 0.05 
Statistical comparisons SS vs NS. * significant at p < 0.10; ** significant at p < 0.05 
Ratio 
Labelled! 
Unlabelled 
0.245 
0.207 
0.177 
0.080 
0.066 
0.155 ± 0.035 
0.027 
0.052 
0.089 
0.168 
0.198 
0.107 ± 0.033 
Urine 15N taken up 
As % of total clover As % of 15N 
N applied 
19.653 5.469 
17.163 4.324 
15.026 2.745 
7.396 2.040 
6.162 1.610 
13.080 ± 2.68 3.238 ± 0.724 
2.660 0.653 
4.969 1.465 
8.152 3.008 
14.376 9.576 
16.517 12.410 
9.335 ± 2.66 5.422 ± 2.349 
..... ..... 
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Figure 4.16a Total amount of 15N taken up by grass component 
of the pasture at each harvest. 
Total N-15 
Uptake 
(gN-15/m2) 
10 
9 
8 
7 
6 
5 
4 
3 
2 
It Subsoiled {± s.e.} 
Ed Non-subsoiled {± s.e.} 
1 
O~~~~~~~~~~~~--~~~~~----~~ 
AUG SEP OCT NOV JAN FEB APR JUN JUL 
Figure 4.16b Total amount of 15 N taken up by clover component 
of the pasture at each harvest. 
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Overall, there was no significant difference between the treatments for the grand total of 
15N recovered by the clover component of the pasture over the year of the experiment (Appendix 
4.15b). This indicates that the subsoiling operation did not affect the capture of the applied 
urine nitrogen by the clover component of the pasture. 
Recovery of nitrogen in total by pasture 
The total amount of 15N recovered by the complete pasture over the duration of the 
experiment was not significantly different between treatments (Appendix 4.15c; Figure 4.16c). 
On average, approximately 41 % of the applied 15N was recovered by the pasture sward (Table 
4.11c). 
This represents a mean of around 40% of the grand total amount of nitrogen (Le. 
originating in the soil, the applied urine or via the process of biological fixation) taken up by the 
plants in the subsoiled lysimeters; and around 35% of that taken up by the plants in the 
non-subsoiled lysimeters. The difference between these two values was significant, which was a 
reflection of the significantly higher amount of total nitrogen (p = 0.0341) in the plants in the 
non-subsoiled lysimeters (Table 4.11c). This higher amount of total nitrogen was as a result of 
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Figure 4.16c The amount of 15N taken up by the total pasture 
at each pasture harvest. 
Table 4.11c PASTURE HARVEST N UPTAKE - GRASS AND CLOVER (11 July 1990 - 11 July 1991) 
Lysimeter Yield Nitrogen Uptake (g N m-2) Ratio 
Number (g DM m-2 yr-1) Labelled! 
Labelled N Unlabelled N Total N Unlabelled 
SSI 1475.42 18.446 27.830 46.276 0.663 
SS2 1350.64 14.925 26.020 40.945 0.574 
SS3 1787.10 24.483 32.123 56.606 0.762 
SS5 1904.44 25.379 34.227 59.787 0.741 
SS6 1467.56 16.061 28.423 44.484 0.565 
Mean 1597.03 ± 105.57 19.859 ± 2.152 29.725 ± 1.500 49.620 ± 3.639 0.661 ± 0.040 
(± s.e.) 
. NSI 1708.48 19.520 32.744 52.264 0.596 
NS2 1693.32 19.991 34.771 54.762 0.575 
NS3 1979.70 22.222 40.481 62.703 0.549 
NS5 2024.80 23.027 48.064 71.091 0.479 
NS6 2119.56 24.208 49.001 73.209 0.494 
Mean 1905 ± 86.43** 21.794 ± 0.893 41.012 ± 3.325** 62.806 ± 4.199** 0.539 ± 0.023* 
(± s.e.) 
Statistical comparisons: subsoiled versus non-subsoiled where * = significant at p < 0.10; ** = significant at p < 0.05 
Urine 15N taken up 
As % of total As % of 15N 
i N applied I' 
39.861 36.812 
36.451 29.782 
43.251 48.857 
42.449 50.643 
36.105 32.046 
39.623 ± 1.477 39.628 ± 4.295 
37.349 38.956 
36.505 39.892 
35.440 44.342 
32.391 45.951 
33.067 48.308 
34.950 ± 0.962* 43.490 ± 1.782 
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~ Figure 4.16d Total amount of 15N taken up by the grass 
and clover components of the pasture in the subsoiled lysimeters. 
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Figure 4.16e Total amount of 15N taken up by the grass 
and clover components of the pasture in the non-subsoiled lysimeters. 
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the significantly higher nitrogen content (p = 0.0485) of unlabelled nitrogen found in the clover 
component (Table 4.11b). The amount of nitrogen biologically·fixed by the clover component in 
the non-subsoiled lysimeters may therefore have been greater than that in the subsoiled 
lysimeters. This is indicated by the significantly lower ratio of labelled:unlabelled nitrogen (p = 
0.0681) in the non-subsoiled lysimeters (Table 4. llc). 
This difference may also be partially explained due to the significantly higher (p = 0.0297) 
actual total dry matter yields from the non-subsoiled lysimeters (Table 4. llc), which was caused 
by the grass grub effect (Section 4.2.2.1). 
In a similar experiment, using monolith lysimeters, Dowdell and Webster (1980) found that 
43 - 54% of applied fertiliser labelled with 15N was recovered by pasture over one growing 
season. In a field experiment, Whitehead and Dawson (1984) found that on average 52% of the 
15N labelled fertiliser applied was recovered in the first year by a grass sward. The results of 
the current experiment therefore appear to agree with these other workers. 
Working with barley in another lysimeter experiment, Dowdell et al' (1984) reported 
recoveries of 46 - 54% of the applied labelled 15N fertiliser in the first year. Similarly, 
Bergstrom (1987) found that 63% of the applied 15N labelled fertiliser was recovered by barley 
in his lysimeter experiment. In a field experiment, on the other hand, Powlson et al. (1992) 
reported 68% as a mean recovery for winter wheat, whilst Martinez and Guiraud (1990) found 
that 60% of applied 15N was recovered by winter wheat in their lysimeter experiment. 
Generally, there appears to be a tendency for slightly greater recovery of 15N by the 
herbage of cereal crops as opposed to pasture~ This might be explained due to the deeper 
rooting habit of the cereal plants. However, this does not always appear to be the case, as at 
Coshocton in 1978, where Chichester and Smith reported recoveries of only 25 - 30% by the 
barley in their lysimeters. Similarly, in Nigeria, Van der Kruijs et al. (1984) found that only 
31 % of 15N applied was recovered under the wetter conditions of their lysimeter experiment. 
Whilst the results reported here compare favourably with the results of others reported in 
the literature, there is considerable variation in results dependent upon the conditions of each 
experiment. 
d) Recovery of 15N labelled urine in the pasture 
Grass 
Investigation of the measured atomipercent of 15N present in the grass samples at each 
harvest (Figure 4.17a) shows that during the first 4 - 5 months following application of urine, 
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the majority of the nitrogen which is utilised by the grass component is that which was applied. 
With time, portions of the applied 15N are either removed during harvesting (Section 4.2.2.2c), 
immobilised, leached (Section 4.2.3) or denitrified. Consequently, a smaller amount of 15N was 
then available for uptake and the ratios of 15N in the pasture samples decreased accordingly 
(Figure 4.17a, b). 
Both the total amount of 15N taken up (Figure 4.16a) and also the total amount of nitrogen 
taken up (Figure 4.1Sa) by the grass decreased markedly after the November harvest. 
Throughout the remainder of the experiment, however, the total amount of nitrogen taken up by 
the grass remained relatively constant, although the 15N/14N ratio declined to around 1 atom % 
15N. This suggests that the grass was able to obtain sufficient nitrogen from sources other than 
the applied 15N i.e. from, for example, nitrogen which was already present in the soil prior to 
urine application, from mineralisation of endogenous soil nitrogen, or via underground transferal 
of nitrogen symbiotically fixed by clover. Indeed, throughout the whole experiment, a relatively 
constant amount of this endogenous soil nitrogen was utilised by the grass between each harvest. 
This implies a degree of luxury uptake by the grass soon after the urine application, due to 
nitrogen being present in the soil far in excess of the pasture's requirements. 
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Figure 4.17a The mean atom percent 15N measured in the grass 
component of the pasture at each harvest. 
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No significant differences were found between treatments for the total amounts of labelled, 
unlabelled or total nitrogen taken up by the grass component of the pasture (Table 4.lla). The 
subsoiling operation therefore had no effect upon the recovery of nitrogen by the grass 
component of the pasture. Similar amounts (around 18 to 19 g N m-2) of labelled nitrogen were 
utilised by both the subsoiled and non-subsoiled grass components over the year of the 
experiment. Likewise, the amounts of unlabelled nitrogen (calculated as the difference between 
the total nitrogen and the total labelled 15N) were very similar for both treatments - also around 
19 g N m-2• The total amounts of unlabelled nitrogen taken up over the whole year therefore 
happened to be only fractionally higher than the amounts of 15N taken up (Table 4.l1c). 
Consequently, the total amount of 15N taken up by the grass accounted for approximately 48% 
of the total amount of nitrogen taken up (Table 4.lla). 
Of the applied 15N, however, the grass component utilised on average 37% of the total 
applied, suggesting that the remainder was either leached, immobilised or denitrified, or was 
spatially remote from the plant roots in the soil profile, and was therefore not able to be utilised 
by the plants. 
Clover 
From consideration of the measured atom % 15N/14N ratios in the clover samples at each 
harvest (Figure 4.17b), it is clearly apparent that the ratios throughout the experiment are 
considerably smaller than those found in the grass component (Figure 4.17a). This may be 
partially attributed to the fact that clover competes poorly with grass for mineral nitrogen (as 
discussed previously). However, for all harvests, the uptake of nitrogen in total was much larger 
than the 15N uptake alone. Therefore, it may be concluded that the clover was mainly fixing 
nitrogen symbiotically for itself, or may have also obtained some non-labelled nitrogen from the 
endogenous soil nitrogen supplies already present in the soil prior to urine application, via the 
process of mineralisation (Section 2.2.3.1). 
The actual amounts of 15N taken up the clover component were on average between 1 and 
3 g N m-2 over the year of the experiment (Table 4.l1b), with no significant difference being 
found between the treatments. Hence, the subsoiling operation had no effect upon the recovery 
of the applied 15N. 
However, the amounts of unlabelled nitrogen taken up by the clover differed significantly 
(p = 0.0485) between treatments, with the clover in the non-subsoiled lysimeters utilising almost 
twice as much nitrogen when compared to the subsoiled lysimeters. This large difference may 
be attributed to the conditions in the non-subsoiled lysimeters being more conducive to clover 
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Figure 4.17b The mean atom percent 15N measured in the clover 
component of the pasture at each harvest. 
growth particularly below ground level. For example, since the subsoiled lysimeters drained 
more quickly than the non-subsoiled lysimeters (Section 4.2.1.4), a greater amount of water 
would have remained available to the clover roots in the non-subsoiled lysimeters for a longer 
period of time. This would have been of particular importance to the shallow rooting clover 
plants in between inputs of irrigation, especially when natural rainfall inputs were low (e.g. in 
March). Consequently, the clover plants in the non-subsoiled lysimeters were more prolific and 
it is likely that a greater amount of nodulation therefore also occurred. This hypothesis is 
supported by the trend - albeit not significant - for greater yields of clover from the 
non-subsoiled lysimeters throughout the experiment (Figure 4.13b). 
As a result of the difference in the amount of unlabelled nitrogen, the total nitrogen uptake 
by the clover component was also found to be significantly higher in the non-subsoiled 
lysimeters (p = 0.0943) (Table 4.11b). 
Of the total nitrogen taken up by the clover, approximately 13% and 9% for the subsoiled 
and non-subsoiled lysimeters respectively were labelled with 15N, which in turn represented 
approximately 3% and 5% of the original 15N applied. The ratio of labelled: unlabelled 
nitrogen found in the clover fraction (Table 4.11 b) was therefore much smaller than that of the 
grass component (Table 4.11a), with only around one tenth of the nitrogen taken up by the 
clover being labelled with 15N. 
Total pasture 
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Although the total dry matter yields of the individual grass and clover components were 
not significantly different between treatments, the total yields for the complete sward (grass + 
clover) were found to be significantly higher in the non-subsoiled lysimeters (p = 0.0297) (Table 
4. llc). Partly for this reason, significant differences in the amounts of unlabelled and total 
nitrogen taken up by the pasture were found. The amount of unlabelled nitrogen was 
significantly higher in the non-subsoiled lysimeters, mainly due to the fact that there was 
probably a greater amount of biological fixation of nitrogen occurring in the clover fraction of 
the sward, as discussed earlier. As a result, significantly higher amounts of nitrogen were 
therefore present in the herbage harvested from the non-subsoiled lysimeters (p = 0.0341) (Table 
4.11c). For the same reason, the ratio of labelled:unlabelled nitrogen was significantly smaller 
(p = 0.0681) in the non-supsoiled pasture and similarly for the percentage of total nitrogen 
which the 15N component represented (Table 4.11c). 
No significant differences were found between treatments for the amount of labelled 
nitrogen taken up by the pasture, or for the percentage of 15N taken up by the pasture expressed 
as a percentage of the 15N which had been applied. Approximately 39% and 43% of the applied 
15N were taken up by the subsoiled and non-subsoiled lysimeters respectively. 
Unfortunately, the effects of the grass grub infestation reduced the clarity of the 
observations. However, in terms of the project objectives (Chapter 1), the subsoiling operation 
had no effect upon the recovery of the urine nitrogen by the pasture. 
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4.2.3 LEACHATE 
4.2.3.1 Nitrate, anunonium and urea concentrations 
Nitrate concentrations 
The mean nitrate concentrations measured in the leachate samples from each . 
lysimeter are depicted versus the cumulative amount of drainage in Figure 4.18, and 
versus time in Figure 4.19. Pore volumes for each set of lysimeters are also shown in 
Figure 4.18. 
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It can be seen clearly that the mean peak concentration of nitrate of the leachate 
from the subsoiled lysimeters (around 70 mg N r1) was found to be approximately twice 
the mean peak concentration in the leachate from the non-subsoiled lysimeters (Figure 
4.18). There also seemed to be a relative delay in the emergence of the peak in the 
subsoiled as compared with the non-subsoiled lysimeters. A greater volume of drainage 
was required in the subsoiled lysimeters before the peak concentration was reached. 
The complex nature of the soil system in each lysimeter and the range of water input 
conditions make it difficult to elucidate and describe the mechanisms involved in solute 
leaching through the lysimeters. 
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Figure 4.18 Changes in nitrate concentration in the leachate versus the cumulative 
amount of drainage from the lysimeters over the year of the experiment. 
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Figure 4.19 Changes in nitrate concentration in the leachate from the lysimeters 
versus time. 
In this experiment, the urine was applied to the soil surface and was immediately 
followed by a 10 nun application of simulated rainfall. This would have leached the urine. 
to a depth of approximately 5 cm. During the fIrst two weeks after this application, no 
heavy rainfall occurred, and this therefore provided sufficient time for the urine-N to 
diffuse into the soil aggregates (d = 0.5 cm d-1; Nye and Tinker, 1977). 
Figure 4.18 shows that the peak concentration in each breakthrough curve emerged 
before one pore volume of drainage was collected. This indicates that the nitrate was not 
leached by uniform miscible displacement mechanisms, rather that it was displaced by 
preferential flow through the larger soil pores. Similar results have been reported by 
others. 
It is, however, more diffIcult to explain the reason for the emergence of the peak 
closer to one pore volume in the subsoiled compared with the non-subsoiled lysimeters. 
This could be taken to indicate that more uniform displacement occurred through the 
subsoiled lysimeters. However, this hypothesis is not supported by the rapid drainage 
responses which occurred from these lysimeters (Section 4.2.1.4), since this was attributed 
to rapid water flow through a continuous macropore system. It appears more likely that 
the greater volume and continuity of macropores in the subsoiled lysimeters would have 
introduced a secondary effect, that of 'by-pass' flow. This effect seems apparent in Figure 
4.18, where greater tailing of the curve is found for the subsoiled lysimeters, at a time 
when there were also high water inputs by border dyke irrigation. 
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During August, the amount of natural rainfall was above average (Section 4.2.1.1) 
and these individual intense rainfall events, along with the flood irrigation applied later, 
would have been likely to have caused quasi-saturated flow conditions. (Surface ponding 
was observed during rainfall events in August). The more continuous macropore system 
in the subsoiled lysimeters would therefore have allowed water to by-pass the nitrate 
present in intra-aggregate and even some inter-aggregate pore spaces. This would have 
effectively delayed the emergence of the nitrate peak in the breakthrough curve of the 
subsoiled lysimeters. 
The mean peak concentration of nitrate which . leached into the drainage system from 
the subsoiled lysimeters was almost twice the concentration of that leached from the 
non-subsoiled lysimeters. This may also be attributed to the effects of the subsoiling 
operation. Since the macroporosity of the subsoiled lysimeters was higher than that found 
in the non-subsoiled lysimeters, the soil aeration was increased and the rate of drainage 
was also faster from the subsoiled lysimeters (Section 4.2.1.4). Consequently, the 
potential for denitrification to occur in the soil was much lower in the subsoiled as 
opposed to the non-subsoiled lysimeters. This hypothesis is supported by the final balance 
sheets for 15N recovery (Section 4.2.6), which show higher total recovery (plants + soil + 
leachate) in the subsoiled lysimeters. This is because the process of denitrification is 
enhanced where low amounts of oxygen and higher amounts of carboniferous material are 
present. Waterlogging also promotes rapid denitrification by impeding the diffusion of 
oxygen to sites of microbial activity. Thus the non-subsoiled lysimeters had a greater 
potential for denitrification due to their lower aeration status and a higher water holding 
capacity. As a result of the relatively higher levels of denitrification which occurred in 
the non-subsoiled lysimeters, there would have been a lower concentration of nitrate in the 
soil solution. 
The convective nitrate flux may be described by: 
where Je is the convective flux, q is the water flux and c is the solute concentration; 
In the non-subsoiled lysimeters, the concentration of nitrate was reduced due to the 
processes of denitrification. Therefore, in the non-subsoiled lysimeters, the total solute 
flux in the drainage water was consequently lower than in the subsoiled lysimeters. 
The World Health Organisation (1984) recommended that the concentration of N03--
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N in potable drinking water should ideally be less than 10 mg N 1-1. From Figures 4.18 
and 4.19 it can be clearly seen that the concentrations of nitrate in the drainage water from 
both the non-subsoiled and subsoiled lysimeters exceed this limit for a considerable 
portion of the experiment. After 125 mm of drainage from the lysimeters, the 
concentration of nitrate in the leachate from both treatments was already above 10 mg N 
rl (Figure 4.18). The concentration remained above this level until around 300 mm of 
drainage had passed through the non-subs oiled lysimeters, or until 350 mm had drained 
from the subsoiled lysimeters. In the interim, maximum mean concentrations of 35 mg N 
1-1 and 70 mg N r1 were found in the non-subsoiled and subsoiled leachate samples 
respecti vel y. 
Consideration of the breakthrough curve data on a time basis (Figure 4.19) shows 
that after approximately one month following the application of the urine to the lysimeters, 
the concentration of nitrate in the leachate from both sets of lysimeters exceeded the 10 
mg N rl recommended level. The concentrations then continued to rise in each treatment, 
until they reached a peak in the non-subsoiled lysimeters around 4 months following the 
urine application; and a peak in the subsoiled lysimeters around 5 months after urine 
application. The concentrations found in the leachate of both treatments eventually 
returned to very low levels below the 10 mg N r 1 level, approximately 7 months 
following the application of the urine. Thereafter the nitrate concentrations remained at 
these very low levels throughout the rest of the experiment. 
The nitrate concentrations measured in each leachate sample from each individual 
lysimeter are presented in Appendix 4.16 versus drainage and versus time in Appendix 
4.17. 
Subsoiling this Templeton silt loam therefore appears to have resulted in (i) a 
significant increase in the concentration of nitrate leached from beneath a urine patch, and 
(ii) a delay in the rate of emergence of the peak nitrate concentration under the ponded 
infiltration conditions of this experiment. 
Ammonium concentrations 
The concentrations of ammonium in the leachate from the lysimeters were in general 
very low, averaging < 1 mg N r 1 in most cases. Actual concentrations measured for each 
sample are presented versus the cumulative amount of drainage in Appendix 4.18. Figures 
4.20a and 4.20b show the concentrations of both ammonium and nitrate which were 
measured in the leachate samples of one 'pair' of lysimeters - numbers SS3 and NS3 
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respectively. These results were considered to typify those found for each of the lysimeter 
'pairs', with the ammonium constituent representing only avery small proportion of the 
total concentration of nitrogen leached. 
Urea concentrations 
No urea-N was detected in any of the leachate samples. 
4.2.3.2 Total amounts of nitrogen leached and the recovery of 15N labelled urine 
nitrogen in the leachate 
A summary of the total amounts of nitrogen found in the leachate from each 
lysimeter over the year of the experiment is presented in Table 4.12. 
Total mineral nitrogen in the leachate was calculated as the sum of N03--N plus 
NH/-N. The actual amounts of nitrate present in each individual leachate sample from 
each individual lysimeter are presented for reference in Appendix 4. 19a. Similarly, the 
amounts of ammonium are presented in Appendix 4.19b. 
The amounts of 15N recovered were calculated using the equation given by Cabrera 
and Kissel (1989) (Section 4.2.2.2.c), in conjunction with the results of the leachate 
analyses by mass spectrometry. In order to obtain a background figure for the 15N/14N 
ratio present in natural draining water, six replicate samples of water from a nearby 
surface-fed stream, draining off a similar soil type were therefore also analysed, and then 
the results were used in the calculation. 
The amounts of total nitrogen leached were also calculated from measurements made 
by mass spectrometry. As can be seen from Table 4.12 these values compare well against 
the values calculated by summing the N03 --N plus NH/-N contents. 
The amounts of 15N recovered in the leachate samples were expressed both as a 
percentage of the total amount of nitrogen leached and also as a percentage of the applied 
urine 15N. All of these results are presented in Table 4.12. 
The final amounts of total nitrogen recovered in the leachate from each set of 
lysimeters were compared by analysis of variance using the Statview statistical package. 
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Figure 4.20a The amounts of nitrate, ammonium and total mineral nitrogen leached 
from lysimeter number SS3 during the experiment. 
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Figure 4.20b The amounts of nitrate, ammonium and total mineral nitrogen leached 
from lysimeter number NS3 during the experiment. 
Table 4.12 NITROGEN FOUND IN TIlE LEACHATE FROM THE LYSIMETERS OVER THE DURATION OF THE EXPERIMENT 
LYSIMETER DRAINAGE EQUIVALENT RATIO OF MINERAL N LEACHED (g N m·
2) LABELLED TOTALN URINE 15N LEACHED 
NUMBER (mm) PORE VOLUME PORE 15N RECOVERED (g N m·2) 
(litrcs) 41 VOLUMES 
N03-N icc 
RECOVERY (g N m·2) 
LEACHED NH4-N aa TOTALN (g N m·2) ## AS%OF AS % OF 15N 
## TOTALN APPUED## 
LEACHED## 
SSI 634 151.02 2.1 14.2 0.3 14.5 8.18 15.11 56.31 16.27 
SS2 750 144.61 2.5 17.2 0.6 17.8 11.79 17.34 67.81 23.49 
SS3 672 142.56 2.3 8.4 0.5 8.9 6.08 8.30 73.21 12.11 
SS5 534 149.37 1.7 4.1 0.4 4.5 3.29 4.35 75.67 6.56 
SS6 648 136.43 2.3 14.9 0.6 15.5 10.48 13.52 77.48 20.88 
Mean 648 ± 34.8 144.8 ± 2.6 2.2 ± 0.1 11.7 ± 2.4 0.6 ± 0.1 12.4 ± 2.5 7.96 ± 1.52 11.61 ± 2.33 70.10 ± 3.81 15.87 ± 3.03 
(± s.c.) 
.... .... .... ...... .. .. .. .. .. .. 
NSI 575 132.5 2.1 8.9 0.6 9.5 7.14 9.16 77.90 14.22 
NS2 532 157.3 1.7 9.1 0.1 9.2 7.14 9.16 77.89 14.22 
NS3 506 175.8 1.4 5.3 0.1 5.4 3.87 5.46 70.93 7.72 
NS5 450 174.93 1.3 2.5 0.3 2.8 1.65 2.51 65.82 3.30 
NS6 522 157.9 1.6 1.9 0.1 2.0 1.00 1.99 50.28 1.99 
Mean 517 ± 20.3 159.7 ± 7.9 1.6 ± 0.2 5.5 ± 1.5 0.3 ± 0.1 5.8 ± 1.6 4.16 ± 1.31 5.66 ± 1.55 68.56 ± 5.11 8.29 ± 2.60 
(± s.c.) 
~ 
# calculated assuming operating water conditions throughout experiment were similar to water contents measured at end of experiment 
## = where measurements were made using mass spectrometer; iec= using ion exchange chromatograph; aa = using auto analyser. 
* = significant at p < 0.10 ** = significant at p < 0.05 *** = significant at p < 0.01. -~ VI 
136 
The results of these analyses are presented in Appendix 4.20, but are summarized in Table 
4.12 by the use of asterisks. Differences between treatment means were tested for statistical 
significance using 'Fisher's protected least significant difference technique'. 
The total amounts of nitrate leached from the lysimeters were significantly higher in the 
subsoiled when compared to non-subsoiled lysimeters (p = 0.0377). Similarly, the total 
amounts of ammonium were also found to be significantly higher in the subsoiled lysimeters 
(p = 0.081). The amounts of ammonium leached were, however, in general very low and this 
significant difference may therefore actually be an artefact of the experimental analysis. 
Overall, the total amount of mineral nitrogen leached (N03--N + NH/-N) was significantly 
higher in the subsoiled lysimeters (p = 0.034). 
Of the total amount of 15N applied, almost twice as much was recovered in the leachate 
from the subsoiled (16%) as opposed to non-subsoiled lysimeters (8%) (Table 4.12). This 
amounted to an average of approximately 8 g N m-2 being leached from the subsoiled 
lysimeters over the experimental period, as compared to around 4 g N m-2 from the non-
subsoiled lysimeters. The difference between these mean values was significant at p = 0.068. 
Similarly, the amount of total nitrogen recovered in the leachate was found to be around two 
times higher in the subsoiled lysimeters (a mean of11.6 g N m-2) as compared to the non-
subsoiled lysimeters (approximately 5.6 g N m-2 on average). The reasons for these 
differences have been described in relation to the nitrate breakthrough curves (Section 
4.2.3.1). 
When expressed as a percentage of the total nitrogen leached, there were no significant 
differences between treatments for the amounts of 15N leached. Approximately 70% of the 
total nitrogen leached consisted of the applied labelled urine 15N in both the subsoiled and 
non-subsoiled treatments. A similar ratio of the 15N:14N was therefore found in the leachate 
for each treatment. 
In a similar lysimeter study, Webster and Dowdell (1985) reported that an average total 
of 6.6% of the applied 15N was recovered in the leachate at the end of a four year 
experiment, with the greatest proportion of that recovered found in the second year of the 
experiment. These results were therefore slightly lower than those of the current experiment 
(NS = 8%; SS = 16%). However, although the losses of nitrogen were smaller, Dowdell and 
Webster (1980) reported for the same experiment that the fertiliser which they applied 
contributed about 60 - 70% of the total nitrogen lost in the first winter following application. 
The proportion of 15N which they found in the leachate is thus in close agreement with the 
average figure of 70% found in the current experiment (Table 4.12). 
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In another leaching experiment using grassed monolith lysimeters, Barraclough et al. 
(1984) reported that 3.1 % of applied 15N labelled fertiliser was recovered in the leachate, 
where the application rate had been 500 kg N ha-1. This represented 39% of the overall 
amount of nitrate leached. Comparing these results with those of the current experiment, 
it appears that the amount of leaching of applied N in the current experiment is higher. 
This may be partially attributed to the higher water inputs in the current experiment when 
compared to the other experiments reported in the literature. 
Van der Kruijs'et al. (1988) carried out a lysimeter experiment during the rainy. 
season in Nigeria, where water inputs were considerably higher than the current 
experiment. They reported higher leachate recoveries of 15N, with 22 - 29% of the 15N 
which they had applied being recovered in the leachate from their lysimeters during the 
first year. During this time the lysimeters were however cropped with maize rather than 
pasture. 
There is, however, considerable variability between the results reported in the 
literature, which is probably a function of the lysimeter design, the conditions under which 
each experiment was run and also the technique employed in sampling the leachate. 
Greater inaccuracies occur where interpolation is required between sampling events, as 
compared to continuous sampling where all of the leachate is collected for subsequent 
analysis. 
In field lysimeters at Coshocton, Ohio, Chichester and Smith (1978) reported losses 
of 30% of the applied 15N in the leachate. However, Bergstrtlm (1987) found that only 
1.2% of the 15N labelled fertiliser applied to lysimeters was leached over a three year 
period. In the first year approximately 10% of the nitrate leached originated from the 
fertiliser. 
Using repacked lysimeters, Martinez and Guiraud (1990) reported that 18.7% of the 
applied 15N fertiliser was leached over a winter period under bare fallow. However, 
where a ryegrasscatch crop was grown only 7.1 % of the applied 15N was leached. The 
latter figure is in closest . agreement with the results of the non-subsoiled lysimeters in the 
current experiment, even although the lysimeters which Martinez and Guiraud (1990) used 
had been repacked. 
Figure 4.21 depicts the mean amounts of 15N leached versus the cumulative amounts 
of drainage. The data used to generate this figure are presented in Appendix 4.21. 
Differences between the treatments are cJearly apparent, with the trends following the 
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same patterns as discussed previously for nitrate concentrations (Section 4.2.3.1). 
Comparing these amounts of 15N leached with the total amounts of total nitrogen 
leached (Appendix 4.22), it can be seen that (Figure 4.22) throughout the majority of the 
experiment, the 15N originating from the urine was the main constituent of the leached 
nitrogen - as was suggested by the value quoted earlier of 70% for the overall percentage 
of total nitrogen leached which the 15N portion represented (Table 4.12). However, for a 
short time after the start of the experiment (prior to the emergence of 15N; c.90 mm 
drainage) there is evidence of a small amount of leaching of nitrogen originating from 
sources other than that of the applied nitrogen (e.g. native soil nitrogen, or that which had 
been fixed biologically). Again towards the end of the experiment, when there was little 
15N in the leachate (c.450 mm drainage), there appears to be evidence for leaching of 
endogenous or biologically fixed nitrogen, albeit in small amounts from the subs oiled 
lysimeters. In the non-subsoiled lysimeters, there was a clearly smaller amount of 
nitrogen leached overall. There also appears to have been a smaller amount of 'other' 
nitrogen leached from the non-subsoiled than the subsoiled lysimeters towards the end of 
the experiment. 
This slightly higher amount of 'other' nitrogen in the leachate may be attributed to a 
slightly greater amount of mineralisation of endogenous nitrogen occurring in the 
subsoiled lysimeters, due to the conditions in those lysimeters being more conducive for 
mineralisation and to the lower denitrification potential. A greater amount of 15N also 
appeared to have been immobilised in the subsoiled lysimeters (Section 4.2.5.5). 
Consequently, as mineralisation is the reverse process of immobilisation a slightly greater 
proportion of the native soil nitrogen may therefore also have been mineralised in the 
subsoiled lysimeters. This type of effect has been referred to in the literature as a 
'priming effect' where an increase in the mineralisation of soil organic nitrogen occurs as 
a result of fertiliser addition (Westerman and Kurtz, 1973). However, the increased 
leaching of soil nitrogen may be a mineralisation-immobilisation turnover effect (Jansson 
and Persson, 1982). The presence of this effect in the subsoiled lysimeters may have been 
as a result of better aeration and drainage providing more favourable conditions for 
microbial activity of this sort. 
Figure 4.22 depicts the amounts of both 15N and total N leached from each treatment 
during the experiment. In terms of the cumulative amount of drainage from the 
lysimeters, it can be seen that the 15N emerges more quickly in the leachate of the non-
subsoiled lysimeters. This is indicative of a more even and constant leaching pattern in 
the non-subsoiled lysimeters due to the absence of the cracks and fissures compared with 
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Figure 4.21 The mean total amounts of 15N leached from the lysimeters 
versus the cumulative amount of drainage. 
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Figure 4.22 The mean total amounts of nitrogen and of 15N found in the leachate 
from the lysimeters versus the cumulative amount of drainage. 
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the subsoiled lysimeters. The cracks and fissures in the subsoiled lysimeters would have 
enhanced macropore flow, thus causing much of the appiied 15N to be by-passed initially, 
as the incoming water would mainly flow through these macropores created by the 
subsoiling operation in preference to flowing through the smaller pores. 
Results will all be presented showing the appropriate calculated standard error 
values. However, for statistical comparisons between the data sets, the logistic model 
(described earlier in Section 4.2.1.4) was considered to be more appropriate. Therefore, in 
order to test for differences between the breakthrough curves of the subsoiled and non-
subsoiled treatments, the cumulative amounts of total nitrogen as well as the cumulative 
amounts of 15N found in the leachate were tested using the logistic model. 
The Genstat statistical package was used for curvilinear regression analysis to model 
the data and test for statistically significant differences between treatments by analysis of 
variance. 
The cumulative amounts of total nitrogen recovered in the leachate were first 
calculated using the data presented in Appendix 4.23, and each cumulative curve thus 
generated was then modelled using the logistic function as before (Equation 4.1; Section 
4.2.1.4). The mean cumulative curves for the total amounts of nitrogen leached under 
each treatment over the experimental period are presented in Figure 4.23. Estimated 
values for the parameters b, m and c from the logistic function (Equation 4.1) were thus 
generated for each curve, as well as estimates of the percentages of variance accounted 
for. Differences between these parameters were then tested by analysis of variance. The 
results of these analyses are presented in Table 4.13. 
The significant difference found between the estimated values for the parameter c 
indicates that the estimated total amounts of nitrogen leached were significantly higher in 
the subsoiled lysimeters when compared to the non-subsoiled lysimeters over the whole 
period of the experiment. This agrees with the results of the analysis of variance reported 
earlier for the final total amounts of nitrogen which were leached from each lysimeter 
(Table 4.12). 
Significant differences were found for both the m and c parameters at p = 0.076 and 
p = 0.068 respectively. The difference found for the m parameter indicated that there was 
I 
Table 4.13 Results of the statistical analyses using the logistic function to 
model the mean cumulative curves of the total amounts of nitrogen which 
leached from the lysimeters over the whole period of the experiment. 
LYSIMETER MODEL PARAMETER (± s.e.) 
NUMBER \ b m c 
SSI 0.013 ± 0.001 189.0 ± 11.3 16.8 ± 0.9 
SS2 0.023 ± 0.001 145.5 ± 1.5 17.4 ± 0.1 
SS3 0.027 ± 0.001 115.3 ± 1.5 8.21 ± 0.06 
SS5 0.026 ± 0.001 114.7 ± 2.3 4.27 ± 0.05 
SS6 0.052 ± 0.001 114.9 ± 0.6 13.39 ± 0.04 
Mean (± s.e.) 0.028 ± 0.006 133.7 ± 15.3 12.00 ± 2.53 
NSI 0.040 ± 0.003 77.5 ± 2.0 8.97 ± 0.09 
NS2 0.0365 ± 0.005 98.8 ± 9.0 9.04 ± 0.04 
NS3 0.028 ± 0.001 110.7 ± 1.9 5.19 ± 0.05 
NS5 0.031 ± 0.003 71.3 ± 3.6 2.37 ± 0.04 
NS6 0.020 ± 0.001 113.7 ± 2.8 1.95 ± 0.03 
Mean (± s.e.) I 0.031 ± 0.004 I 94.6 ± 8.6 I 5.50 ± 1.54 I 
ANOYA not significant p = 0.076 P = 0.068 
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Figure 4.23 The mean cumulative amounts of total nitrogen leached 
from the lysimeters versus time. 
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Figure 4.24 The mean amounts of total nitrogen leached from the lysimeters versus time. 
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a significant difference in the time taken for the individual curves to reach the maximum 
relative rate of increase in N leached, since the point m on the logistic curve is a point of 
inflection, where y = c/2. Therefore if we consider the differential of these curves (see 
Figure 4.24), m is equal to the time of occurence of the maximum peak amount of 
nitrogen leached from the lysimeters. Hence, the results indicate that the amounts of total 
nitrogen leached from the subsoiled lysimeters took a statistically longer period of time 
(p = 0.076) to reach their peak value when compared to the non-subsoiled lysimeters. The 
model estimated that the mean length of time taken for the peak amount of nitrogen to be 
reached in the subsoiled lysimeters was longer than that taken in the non-subsoiled 
lysimeters (Table 4.13). For both treatments, the model estimated that the time of 
emergence of the peak amount of nitrogen leached was reached prior to the start of border 
dyke irrigation (day 146). 
No significant difference between treatments was found for the b parameter, which 
indicated that there was no significant difference in the shape or spread of the differential 
curve - the breakthrough curve shown in Figure 4.24. In this analysis, the b parameter is 
considered to be in some way proportional to the reciprocal of the apparent diffusion 
coefficient of the solute. Consideration of the results on the basis of drainage rather than 
time, may therefore be able to provide an indication as to the value of the apparent 
diffusion coefficient for the individual solutes involved in the experiment. Further 
investigation into this relationship could be the subject of future research. 
In order to investigate the extent to which these differences found for total nitrogen 
could be attributed to the applied urine)5N, the statistical analyses described above were 
repeated for the 15N labelled component of the leachate. The data in Appendix 4.24 was 
used to generate Figure 4.25, which depicts the mean cumulative amounts of 15N found in 
the leachate for each treatment. 
Results of the statistical analyses are summarized in Table 4.14. Significant 
differences were again found for both the m and c parameters when analysed over the 
whole period of the experiment, similar. to the results found for the amounts of total N 
leached when analysed in the same manner. This therefore indicates that the total amount 
of 15N leached (parameter c) was significantly higher in the subsoiled as opposed to non-
subsoiled lysimeters. It also indicates that the time taken for the peak amount of this 15N 
to emerge in the leachate was significantly longer in the subsoiled lysimeters (parameter 
m). This also supports the hypothesis proposed in Section 4.2.5.5 that due to the 
subsoiling operation a greater proportion of the applied 15N was retained for a longer 
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Table 4.14 Results of the statistical analyses using the logistic function to 
model the mean cumulative curves of the total amounts of 15N which leached 
from the lysimeters over the whole period of the experiment 
LYSIMETER MODEL PARAMETER (± s.e.) ~ 
NUMBER b m c 
SSl 0.002 ± 0.0002 140.90 ± 6.55 8.516 ± 0.27 95.9 
SS2 0.030 ± 0.0008 130.98 ± 1.03 11.80 ± 0.06 99.7 
SS3 0.032 ± 0.0013 111.80 ± 1.46 6.11 ± 0.05 99.4 
SS5 0.030 ± 0.0019 103.77 ± 2.46 3.27 ± 0.04 98.3 
SS6 0.064 ± 0.0017 114.98 ± 0.48 10.47 ± 0.04 99.9 
MEAN 0.035 ± 0.0077 120.5 ± 6.75 8.04 ± 1.53 98.6 
NSI 0.043 ± 0.0027 75.81 ± 1.72 7.08 ± 0.07 98.5 
NS2 0.041 ± 0.0011 117.94 ± 0.82 7.12 ± 0.03 99.8 
NS3 0.035 ± 0.0019 95.13 ± 1.81 3.72 ± 0.03 98.8 
NS5 0.038 ± 0.0046 72.00 ± 3.55 1.60 ± 0.03 94.4 
NS6 0.038 ± 0.0026 87.56 ± 2.07 0.99 ± 0.01 98.3 
MEAN 0.039 ± 0.0013 89.70 ± 8.18 4.10 ± 1.31 98.0 
ANOVA ns p = 0.029 P = 0.103 ns = not 
significant 
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Figure 4.25 The mean cumulative amounts of 15N found in the leachate 
from the lysimeters versus time. 
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Figure 4.26 The mean amounts of 15 N found in the leachate 
from the lysimeters versus time. 
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period in the topsoil. This was seen as a result of the subsoiling operation causing an 
increase in the extent of by-pass flow (Sections 4.2.3.1 and 4.2.5.5). 
The cumulative amount of total nitrogen found in the leachate versus the cumulative 
amount of drainage is depicted in Figure 4.25b. Similarly, the cumulative curves for the 
total amounts of 15N found in the leachate versus the cumulative amounts of drainage are 
depicted in Figure 4.25c. 
As before, these curves were modelled using the logistic function. 
In this case, the results of the statistical analyses were similar to those found above, 
where the amount leached was expressed on the basis of time. For both total nitrogen and 
15N the parameters m and c were significantly different between treatments (where for 
each of these parameters, p= 0.021 and p = 0.081 respectively for total nitrogen, whilst p 
= 0.021 and p = 0.116 respectively for 15N) , but no significant differences were found for 
parameter b. This then indicates that both the total amount of nitrogen and the total 
amount of 15N which leached from the lysimeters were significantly higher from the 
subsoiled lysimeters than from the non-subsoiled lysimeters (parameter c). Upon 
consideration of the differential curves (Figure 4.22), it also indicates that the amount of 
drainage that was required in order to allow the peak amount of either total nitrogen or of 
15N to be leached was greater in the subsoiled lysimeters. This then supports the 
hypothesis that there was a more even and constant leaching pattern in the non-subsoiled 
lysimeters due to the absence of the cracks and fissures that were created during the 
subsoiling operation. Consequently, a smaller amount of by-pass flow must have occurred 
in the non-subsoiled lysimeters. 
No differences were found between treatments for the b parameter. This therefore 
implies that it was likely that there was no significant difference in the apparent diffusion 
coefficient for 15N between the treatments. However, further work on this topic should be 
carried out before a more definitive conclusion can be made. 
In conclusion, it appears that subsoiling a Templeton silt loam enhanced the losses 
of nitrogen from a urine patch under border dyke irrigation conditions. 
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Figure 4.25b The mean cumulative amount of total nitrogen found in the leachate 
from the lysimeters versus cumulative drainage. 
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4.2.3.3 Concentrations of bromide 
Bromide was applied to the lysimeters as one of the constituents of the synthetic 
urine. Bromide does not occur naturally in soils to any great extent and was therefore 
used as a non-reactive tracer to provide an indication of the movement of water. 
Figures 4.27 and 4.28 depict the changes in bromide concentration over the duration 
of the experiment Figure 4.27 appears to exhibit a similar pattern to that found for nitrate 
concentrations (Figure 4.18). Again there appears to be a slightly higher cumulative 
amount of water input required before the peak concentration of bromide is reached in the 
subsoiled as opposed to non-subsoiled lysimeters. 
Since bromide is largely non-reactive in the soil, the majority of the applied bromide 
which was not taken up by the plants was therefore carried through the soil with the 
drainage water. This is unlike the nitrogen component which may also be subjected to 
various microbial transformations. 
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Figure 4.27 Changes in bromide concentration over the year of the experiment 
versus the cumulative amount of drainage. 
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Figure 4.28 Changes in bromide concentration over the year of the experiment 
versus time. 
Table 4.15 The total mean percentages of bromide recovered in the plants 
over the year of the experiment ( expressed as a percentage of the total amount 
of bromide applied ), , as determined using X-ray fluorescence. 
I SUB SOILED NON -SUB S OILED 
% Br RECOVERED IN GRASS I 28.0 I 45.5 
% Br RECOVERED IN CLOVER 
I 
2.3 
I 
7.8 
TOTAL % Br RECOVERED I 30.3 I 53.3 
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I 
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The difference in the peak concentrations of bromide between the treatments (a mean 
of around 45 mg Br rl in the non-subsoiled versus 65 mg Br rl in the subsoiled 
lysimeters; Figures 4.27 and 4.28) may be attributed to the higher amount of bromide 
which was taken up by the plants in the non-subsoiled lysimeters (Table 4.15). The data 
used to generate Figures 4.27 and 4.28 are presented in Appendices 4.25 and 4.26 
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respectively. This greater amount of bromide recovery by the non-subsoiled pasture also 
supports the hypothesis that there was less water available in general throughout the 
experiment in the subsoiled lysimeters, since bromide is taken up passively by the plants 
in water. 
4.2.3.4 Recovery of bromide 
The mean percentage recovery of bromide (expressed as a percentage of the total 
amount of bromide applied) is depicted in Figure 4.29 versus the cumulative amount of 
drainage. Clearly there are differences between the two treatments, with the mean peak 
amount of approximately 9% of the applied bromide being recovered in the leachate from 
the non-subsoiled lysimeters, as against around 12% in the subsoiled lysimeters. This 
difference may be partially attributed to the differences in the amounts of bromide which 
were utilised by the pasture plants, as discussed earlier (Section 4.2.3.3). During most of 
the experiment there tended to be a higher percentage of bromide recovered in the leachate 
of the subsoiled as opposed to non-subsoiled lysimeters. This may be seen as indicative 
of the significantly higher amount of drainage which leached from the subsoiled lysimeters 
(Section 4.2.1.5). 
Differences in the leaching patterns of the bromide ions between the two treatments 
over the duration of the experiment were tested in a similar manner as before, using the 
logistic model (Section 4.2.3.2). The cumulative percentage of bromide recovered, 
expressed as a percentage of that applied, was calculated using the data presented in 
Appendix 4.27. Figure 4.30 summarizes the mean cumulative curves for percentage 
recovery of bromide versus time. The results of the statistical analyses are summarized in 
Table 4.16. 
Over the whole period of the experiment there was a significantly higher amount of 
bromide recovered in the leachate from the subsoiled lysimeters than from the non-
subsoiled lysimeters, indicated by the significant difference estimated by the model for 
parameter c (Table 4.16). However, no significant differences between treatments were 
found for either parameter b or m. This indicated that there was no difference in the 
shape or spread of the breakthrough curves, nor were there any differences between 
treatments as regards the time at which the maximum bromide recovery occurred. 
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Figure 4.29 The mean percentage recovery of bromide in the leachate ( expressed 
as a percentage of the total amount of bromide applied) versus the cumulative amount 
of drainage. 
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Figure 4.30 The mean cumulative percentage recovery of bromide in the leachate 
(expressed as a percentage of the total amount of bromide applied) versus time. 
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Table 4.16 Results of the statistical analyses using the logistic function to 
model the mean cumulative curves of the percentages of bromide which 
leached from the lysimeters over the whole period of the experiment 
(expressed as a percentage of the total amount of bromide applied). 
LYSIMETER MODEL PARAMETER (± s.e.) 
NUMBER b m c 
SSI 0.021 ± 0.002 101.55 ± 5.86 61.52 ± 1.66 
SS2 0.030 ± 0.001 103.69 ± 1.79 71.09 ± 0.64 
SS3 0.023 ± 0.001 120.92 ± 2.83 49.72 ± 0.69 
SS5 0.020 ± 0.002 118.83 ± 4.82 50.80 ± 1.15 
SS6 0.059 ± 0.003 93.05 ± 1.01 69.53 ± 0.45 
MEAN 0.031 ± 0.007 107.60 ± 5.26 60.53 ± 4.50 
NSI 0.031 ± 0.003 80.68 ± 3.48 54.46 ± 0.91 
NS2 0.030 ± 0.002 109.51 ± 2.05 56.91 ± 0.59 
NS3 0.021 ± 0.002 103.76 ± 5.19 49.94 ± 1.19 
NS5 0.012 ± 0.001 179.00 ± 15.50 44.05 ± 3.03 
NS6 0.021 ± 0.001 129.79 ± 3.72 29.37 ± 0.53 
MEAN 0.023 ± 0.003 120.60 ± 14.83 46.9 ± 4.39 
ANa VA ns ns p = 0.080 
r? 
93.6 
99.1 
98.5 
96.6 
99.4 
97.4 
95.8 
98.9 
95.0 
94.3 
98.0 
96.3 
ns = not 
significant 
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In conclusion, subsoiling resulted in a higher concentration of bromide in the 
leachate and a greater leaching loss of bromide. This was attributed to both the greater 
amounts of drainage from the subsoiled lysimeters as well as the lower amounts of plant 
uptake of bromide from soil solution in the subsoiled lysimeters. Consequently, higher 
concentrations of bromide remained in soil solution in these lysimeters as compared to the 
non-subsoiled treatment. 
4.2.3.5 Comparison of the recovery of bromide with 15N recovery 
In order to make some valid comparisons between the amounts of bromide recovered 
and the amounts of 15N recovered in the leachate, it was necessary to normalise the data 
sets. Values were therefore expressed in terms of the percentage of the grand total 
amount of both bromide and 15N respectively which were recovered in the leachate over 
the whole period of the experiment. Statistical analyses were then carried out again using 
the logistic model as before (Sections 4.2.1.4; 4.2.3.2; and 4.2.3.3) . 
. Comparisons of the cumulative curves for the amounts of bromide recovered versus 
the cumulative curves for the amounts of 15N recovered were made for each of the 
subsoiled and non-subsoiled treatments. The results of these analyses are presented in 
Tables 4.17 a and 4.17b respectively. 
For the non-subsoiled treatment, comparing the 15N curves with those of bromide 
using the logistic model, it was found that the b parameter was significantly higher for the 
15N curves. This implies that the spread of the breakthrough curve (Le., the amount of 
dispersion) was less for the 15N curve compared with the bromide breakthrough curve. 
This may be attributed to the differences in the amounts of bromide and 15N taken up by 
the pasture and also to the differences in the rate of diffusion of the two ions through the 
soil, since bromide has a slightly higher diffusion coefficient than does nitrate (Nye and 
Tinker, 1977). 
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Table 4.17a Results of the statistical analyses using the logistic model to 
compare both the percentages of 15N and of Bromide recovered in the leachate 
of the subsoiled lysimeters (where the percentages are expressed as a 
percentage of the total amounts of either 15N or of Bromide applied). 
% RECOVERY 15N (AS PERCENTAGE OF TOTAL RECOVERY) 
LYSIMETER MODEL PARAMETER (± s.e.) 
NUMBER 
b m c 
SSI 0.017 ± 0.002 140.9 ± 6.6 104.2 ± 3.3 
SS2 0.031 ± 0.001 131.0 ± 1.0 100.1 ± 0.6 
SS3 0.032 ± 0.001 111.8 ± 1.5 100.6 ± 0.8 
SSS 0.030 ± 0.002 103.8 ± 2.S 99.5 ± 1.2 
SS6 0.064 ± 0.002 IIS.0 ± O.S 99.9 ± 0.3 
Mean (± s.e.) 0.035 ± 0.008 120.S ± 6.7 100.9 ± 0.9 
x2 
95.9 
99.7 
99.4 
98.3 
99.9 
98.6 
% RECOVERY BROMIDE (AS PERCENTAGE OF TOTAL RECOVERED) 
SSI 0.021 ± 0.003 101.5 ± S.9 97.7 ± 2.6 93.6 
SS2 0.031 ± 0.002 103.7 ± 1.8 98.4 ± 0.9 99.1 
SS3 0.023 ± 0.001 120.9 ± 2.8 99.7 ± 1.4 98.S 
SS5 0.020 ± 0.002 118.8 ± 4.8 97.2 ± 2.2 96.6 
SS6 0.062 ± 0.002 87.7 ± 0.7 97.3 ± 0.5 99.7 
Mean (± s.e.) 0.031 ± 0.008 106.5 ± 6.1 98.1 ± 0.5 97.S 
ANOVA n.s. n.s. n.s. n.s. = not 
significant 
I 
I 
I 
I 
Table 4.17b Results of the statistical analyses using the logistic model to 
compare both the percentages of 15N and of Bromide recovered in the leachate 
of the non-subsoiled lysimeters (where the percentages are expressed as a 
percentage of the total amounts of either 15N or of Bromide applied). 
% RECOVERY 15N (AS PERCENTAGE OF TOTAL RECOVERY) 
LYSIMETER 
I 
MODEL PARAMETER (± s.e.) 
I 
xl 
NUMBER I I b m c 
NSI 0.043 ± 0.003 75.8 ± 1.7 99.3 ± 0.9 98.5 
NS2 0.041 ± 0.001 117.9 ± 0.8 99.8 ± 0.5 99.8 
NS3 0.035 ± 0.002 95.1 ± 1.8 96.0 ± 0.9 98.8 
NS5 0.038 ± 0.005 72.0 ± 3.6 96.7 ± 1.8 94.4 
NS6 0.038 ± 0.003 87.6 ± 2.1 98.7 ± 1.0 98.3 
Mean (± s.e.) I 0.039 ± 0.001 I 89.7 ± 8.2 I 98.1 ± 0.7 I 98.0 
% RECOVERY BROMIDE (AS PERCENTAGE OF TOTAL RECOVERED) 
NS1 0.031 ± 0.003 80.4 ± 3.5 97.4 ± 1.6 95.8 
NS2 0.031 ± 0.002 109.3 ± 2.0 95.1 ± 0.9 98.9 
NS3 0.021 ± 0.002 103.7 ± 5.2 93.4 ± 2.2 95.0 
NS5 0.012 ± 0.002 178.4 ± 15.4 111.1 ± 7.6 94.3 
NS6 0.021 ± 0.001 129.3 ± 3.7 95.9 ± 1.7 98.0 
Mean (± s.e.) 0.023 ± 0.004 120.2 ± 16.5 98.6 ± 3.2 96.4 
ANOVA p = 0.004 not not 
significant significant 
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4.2.4 SOIL 
4.2.4.1 Soil temperature 
Measurements of soil temperature were made from January to July in one of the non-
subsoiled lysimeters and also in the paddock. adjacent to the lysimeter laboratory. Figure 4.31 
shows that during this period there was no appreciable difference between the temperature 
measurements. This suggests that th.e presen.ce of the lysimeter casing did not appear to affect 
the temperature of the soil close to the soil surface in the lysimeters in this experiment. 
Elsewhere (e.g. Dugas and Bland, 1991) criticisms have been made that the metal casing with a 
thermal conductivity approximately 40 times that of soil can increase the rate of vertical energy 
transfer in the lysimeter and alter lysimeter soil temperatures. In this experiment, however, only 
a very small area of steel was exposed at the surface and this would have assisted in reducing 
this problem. Also the presence of the petrolatum used to seal the edge of the lysimeters would 
have helped to insulate the soil from the metal casing. The extent of the.increased vertical 
energy transfer has not been evaluated, but is presumed to decrease with increasing surface area 
(Dugas and Bland, 1991). 
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Figure 4.31 Soil temperature measurements 
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4.2.4.2 Soil dry bulk density and porosity 
At the end of the experiment, soil dry bulk density measurements were made. The results, 
summarized in Table 4.18, show that dry bulk density values in the subs oiled and non-subsoiled 
lysimeters were fairly similar, although there did appear to be a trend towards lower dry bulk 
densities in the subsoiled lysimeters - particularly between 20 and 60 cm depth. Mean dry bulk 
density values found for each individuallysimeter are given in Appendix 4.28. 
The lack of either treading by animals or mechanical impedance in this experiment might 
explain why there is little difference between the dry bulk density values measured prior to the 
experiment (Section 4. 1.2. La) and those measured upon its completion. 
The soil porosity at the end of the experiment was calculated using the values for dry bulk 
density from Table 4.18 in conjunction with the particle density values reported earlier (Section 
4.1.2), using Equation 3.2. Similarly to dry bulk density, there appeared to be a tendency for the 
subsoiled lysimeters to have a higher porosity. This was considered to be as a result of the 
cracks and fissures created at the time of the subsoiling operation for the 0 - 45 cm depth 
region. Therefore more than two years after the subsoiling operation there still appeared to be 
some differences between the subsoi1~d and non-subsoiled treatments in terms of both dry bulk 
density and total porosity. 
4.2.4.3 Total nitrogen, carbon and the C:N ratio at the end of the experiment 
The mean percentages of total nitrogen and carbon, as well as the C:N ratios found 
throughout the soil profIle in the lysimeters at the end of the experiment are presented in Table 
4.19. 
The percentage of total nitrogen remaining in each soil layer at the end of the experiment 
was in general higher in the non-subsoiled lysimeters than in those which were subsoiled. 
Although there was a slightly higher amount of nitrogen removed from the soil in the non-
subsoiled lysimeters during pasture uptake (Section 4.2.2.2.b), there was a much higher amount 
of nitrogen leached from the subsoiled lysimeters than from the non-subsoiled lysimeters. 
Consequently, a slightly greater amount of total nitrogen remained in the soil profIle of the non-
subsoiled lysimeters (Table 4.19). For both treatments, the % N and the % C generally 
decreased down the soil profIle, yet the C:N ratio remained comparatively stable, tending to 
remain in the 'medium' category for C:N ratio as defined by the N.Z. Soil Bureau for New 
Zealand soils (Section 4.1.4). 
Table 4.18 Soil dry bulk density and total porosity in the lysimeters at the end of the 
experiment. 
SOIL SUB S OILED NON-SUBSOILED 
DEPTH 
(em) DRY BULK POROSITY DRY BULK POROSITY 
DENSITY (±s.e.) (±s.e.) DENSITY (±s.e.) (±s.e.) 
0-5 1.11 ± 0.04 0.56 ± 0.02 1.14 ± 0.06 0.55 ± 0.02 
5 - 10 1.27 ± 0.03 0.51 ± 0.01 1.13 ± 0.09 0.49 ± 0.04 
10 - 15 1.23 ± 0.03 0.52 ± 0.01 1.18 ± 0.03 0.54 ± 0.01 
15 - 20 1.28 ± 0.05 0.50 ± 0.02 1.17 ± 0.03 0.54 ± 0.01 
20 - 25 1.23 ± 0.04 0.52 ± 0.02 1.32 ± 0.03 0.49 ± 0.01 
25 - 30 1.29 ± 0.05 0.51 ± 0.02 1.31 ± 0.08 0.50 ± 0.03 
30 .. 35 1.39 ± 0.05 0.47 ± 0.02 1.41 ± 0.04 0.47 ± 0.01 
35 - 40 1.47 ± 0.03 0.48 ± 0.01 1.48 ± 0.06 0.44 ± 0.02 
40 - 45 1.50 ± 0.04 0.44 ± 0.02 1.53 ± 0.04 0.43 ± 0.01 
45 - 50 1.43 ± 0.09 0.46 ± 0.04 1.65 ± 0.05 0.37 ± 0.02 
50 - 55 1.32 ± 0.06 0.50 ± 0.02 1.55 ± 0.05 0.41 ± 0.02 
55 - 60 1.43 ± 0.05 ----. .. -0.46 ± 0.02 1.49 ± 0.04 0.43 ±0.02 
60 - 65 1.31 ± 0.03 0.50 ± 0.01 1.50 ± 0.05 0.43 ± 0.02 
65 - 70 1.38 ± 0.07 0.48 ± 0.03 1.39 ± 0.04 0.47 ± 0.02 
70 - 75 1.35 ± 0.04 0.49 ± 0.02 1.45 ± 0.13 0.45 ± 0.05 
75 - 80 1.34 ± 0.07 0.49 ± 0.03 1.44 ± 0.05 0.45 ± 0.02 
80 - 85 1.39 ± 0.07 0.47 ± 0.03 1.53 ± 0.03 0.42 ± 0.01 
85 - 90 1.47 ± 0.04 0.44 ± 0.02 1.48 ± 0.05 0.44 ± 0.02 
90 - 95 1.52 ±0.03 0.42 ± 0.01 1.44 ± 0.08 0.45 ± 0.03 
95 - 100 1.44 ± 0.08 0.45 ± 0.03 1.53 ± 0.03 0.42 ± 0.01 
100 - 105 1.28 ± 0.35 0.31 ± 0.09 1.27 ± 0.32 0.32 ± 0.08 
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Table 4.19 Total soil nitrogen, carbon and C:N ratios at the end of the experiment. 
MEAN TOTAL MEAN TOTAL MEAN son.. C:N 
SOn.. SOn.. N (%) SOn.. C (%) RATIO 
DEPTH NON- NON- NON-
(cm) SUBSOll..ED SUBSOll..ED SUBSOll..ED SUBSOll..ED SUBSOll..ED SUBSOll..ED 
0-5 0.278 0.292 4.104 4.472 14.784 15.290 
5 - 10 0.208 0.248 3.234 3.268 15.561 13.154 
10 - 15 0.208 0.252 3.176 3.246 15.304 12.884 
15 - 20 0.243 0.235 3.142 3.100 12.910 13.203 
20 - 25 0.162 0.172 2.216 2.286 13.721 13.264 
25 - 30 0.109 0.118 1.660 1.506 15.252 12.709 
30 - 35 0.071 0.086 1.118 1.132 15.649 13.178 
35 - 40 0.054 0.062 0.722 0.706 13.262 11.380 
40 - 45 0.041 0.048 0.596 0.502 14.445 10.389 
45 - 50 0.033 0.041 0.528 0.474 16.039 11.544 
50 - 60 0.026 0.033 0.460 0.376 17.411 11.477 
60 - 70 0.021 0.027 0.390 0.340 19.174 12.668 
70 - 80 0.021 0.024 0.384 0.396 18.147 16.323 
80 - 90 0.017 0.022 0.280 0.312 16.298 14.351 
90 - 100 0.018 0.021 0.246 0.321 13.428 15.295 
100 - 105 0.016 0.021 0.172 0.196 10.698 9.341 
As a rule, the C:N ratio of undisturbed topsoil in equilibrium with its environment is about 
10 or 12 to 1. Under eqUilibrium conditions, the soil microbial popUlation remains relatively 
stable, a consistent amount of organic residues is returned to the soil, depending upon the 
vegetative cover, and there is a fairly fixed and usually low rate of mineralisation (Tisdale et al., 
1985). 
At the end of this experiment, the C:N ratios were still found to be higher than those 
measured in the soil prior to the experiment (Section 4.1.4). In the topsoil, the lack of trampling 
by animals and mechanical impedance enhanced the accumulation of organic matter in this 
experiment, thus causing an increase in soil carbon and C:N ratios respectively. 
Results of the analyses for percentage total nitrogen and percentage total carbon for each 
individuallysimeter profile are presented in Appendix 4.29. 
4.2.4.4 The amounts of soil nitrogen present in the lysimeters at the end of the 
experiment 
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The total amounts of soil nitrogen present in the lysimeters at the end of the experiment 
are presented in Table 4.20. Total mineral nitrogen was assumed to be equal to the sum of both 
the amounts of extractable nitrate plus extractable ammonium present in the soil at the end of 
the experiment. Amounts of total nitrogen were calculated after analyzing the soil by mass 
spectrometry. The percentage of mineral nitrogen was thus calculated as the percentage of the 
total soil nitrogen which the total mineral nitrogen represented. 
The Statview statistical package was used to analyse the data by analysis of variance. 
Differences between the treatment means (subsoiled versus non-subsoiled) were tested using the 
Fisher's protected least significant difference technique. 
In general no significant differences· between treatments tended to be found, other than 
those marked with asterisks in Table 4.20. The reason for the significant differences in total 
nitrogen between the subsoiled and non-subsoiled lysimeters is likely to be mostly attributed to 
the differences in leaching patterns between the two treatments (Section 4.2.3). The subsoiled 
lysimeters lost a greater amount of nitrogen via leaching over the duration of the experiment. 
The amount of total nitrogen found in the non-subsoiled lysimeters was significantly higher over 
several depth increments mostly in the region from 40 - 70 cm depth. This suggests that more 
nitrogen was retained over the duration of the experiment in the non-subsoiled profile at these 
depths, as a result of slower drainage in the non-subsoiled lysimeters (Section 4.2.1.4). 
The percentage of mineral nitrogen in the non-subsoiled lysimeters tended to be slightly 
higher in the topsoil regions, with a significant difference between treatments in the 10 - 15 cm 
depth and 25 - 30 cm depth zones. However, no. other significant differences were detected 
between the treatments. The act of subs oiling therefore did not prove to have any major effect 
upon the overall nitrogen status of the soil. 
4.2.4.5 Recovery of the applied urine 15N in the soil at the end of the experiment 
The amounts of the applied urine 15N remaining in the soil at the end of the experiment 
were assessed. The percentage of 15N recovered in the soil was calculated using the equation 
given by Cabrera and Kissel (1989) (Section 4.2.2.4). Background levels of 15N in the soil were 
measured at the trial site prior to the experiment. Levels of total nitrogen in the soil samples as 
well as the amounts of 15N present at the end of the experiment were obtained by mass 
spectrometry analyses (Section 3.10.1). 
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TABLE 4.20 SOIL NITROGEN IN LYSIMETERS AT END OF EXPERIMENT 
EXTRACTABLE N03-N 
I 
EXTRACTABLE NH4-N 
I SOIL (g N m-2) (g N m-2) DEPTH 
(em) Subsoiled Non-subsoiled Subsoiled Non-subsoiled 
Mean (±S.e.) Mean (±S.e.) Mean (±S.e.) Mean (±S.e.) 
0-5 0.66 0.14 2.55 1.84 1.71 0.65 1.96 0.85 
5-10 0.76 0.17 1.19 0.29 0.55 0.21 0.55 0.15 
10-15 0.29 0.17 1.03 0.38 0.51 0.14 0.70 0.25 
15-20 0.27 0.16 0.70 0.27 0.70 0.15 0.46 0.15 
20-25 0.11 0.03 0.61 0.27 0.27 0.06 0.28 0.05 
25-30 0.05 0.02 0.27 0.15 0.24 0.05 0.26 0.05 
30-35 0.08 0.04 0.10 0.04 0.18 0.03 0.18 0.01 
35-40 0.04 0.01 0.22 0.12 0.17 0.01 0.11 0.01 
40-45 0.03 0.01 0.07 0.03 0.11 0.01 0.15 0.05 
45-50 0.03 0.01 0.03 0.01 0.10 0.01 0.09 0.01 
50-60 0.06 0.02 0.07 0.02 0.19 0.01 0.23 0.06 
60-70 0.05 0.01 0.06 0.02 0.17 0.02 0.18 0.03 
70-80 0.05 0.01 0.07 0.02 0.21"'''' 0.02 0.16 0.02 
80-90 0.04 0.01 0.06 0.01 0.18 0.01 0.19 0.03 
90-100 0.05 0.02 0.06 0.01 0.24 0.01 0.19 0.03 
100-105 0.07 0.03 0.05 0.01 0.21 0.03 0.29 0.15 
I TOTAL .11 2.89 I 0.80 11 7.09 I 3.23 II 5.78 1 0.95 I 5.93 1.44 = 
* = significant at p < 0.10; ** = significant at p < 0.05; *** = significant at p < 0.01 
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TOTAL MINERAL N I TOTAL NITROGEN I MINERALN (g N m-2) (g N m-2) (as % of total N) 
Subsoiled Non-subsoiled Subsoiled Non-subsoiled Subsoiled Non-subsoiled 
Mean (± s.e.) Mean (± s.e.) Mean (± s.e.) Mean (± s.e.) Mean (± s.e.) Mean (±S.e.) 
2.38 0.60 4.51 1.54 163.71 8.34 166.44 11.24 1.52 0.43 2.60 0.77 
1.32 0.23 1.74 0.27 160.71 3.74 163.00 15.18 0.82 0.14 1.07 0.13 
0.80 0.27 1.73 0.26 156.91 1.71 148.81 5.51 0.65 0.13 1.18·· 0.19 
0.97 0.25 1.17 0.24 154.82·· 2.30 136.96 4.87 0.62 0.16 0.84 0.16 
0.38 0.09 0.89 0.23 98.55 8.81 112.76 13.54 0.37 0.07 0.75 0.11 
0.29 0.06 0.54** 0.11 68.91 8.76 75.24 6.15 0.41 0.05 0.70·· 0.10 
0.27 0.07 0.29 0.04 48.86 8.26 59.79 7.05 0.56 0.12 0.49 0.03 
0.21 0.03 0.21 0.03 39.67 6.10 44.35 4.29 0.56 0.06 0.47 0.05 
0.14 0.01 0.23 0.05 30.87 4.32 37.10· 2.77 0.50 0.05 0.61 0.13 
0.38 0.24 0.13 0.02 23.52 3.27 33.92·· 2.07 0.56 0.06 0.41 0.08 
0.26 0.02 0.30 0.08 36.60 5.36 49.89·· 3.22 0.75 0.08 0.59 0.14 
0.23 0.03 0.24 0.06 27.12 2.31 38.91··· 2.97 0.86 0.09 0.62 0.13 
0.26 0.02 0.23 0.03 28.72 3.42 35.78 4.05 0.93 0.03 0.68 0.10 
0.22 0.01 0.25 0.04 24.76 1.50 32.74· 2.07 0.94 0.06 0.81 0.15 
0.29 0.03 0.26 0.03 27.17 1.11 29.84 1.90 1.11 0.12 0.87 0.11 
0.28 0.06 0.34 0.13 26.39 7.46 33.37 5.51 1.07 0.05 1.02 0.49 
II 8.67 1 0.79 113.03 12.51 111111.53 149.14 111192.42176.50 II 0.7 I 0.08 I 1.06 0.15 
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Table 4.21 Results of the statistical analyses of total 15N recovered in the soil at the end of the 
experiment. 
SOIL RECOVERY OF 15N (g N m-2) 
DEPTH 
(cm) SUB S OILED NON -SUB SOILED ANOVA 
(±s.e.) (± s.e.) 
0-5 6.171 ± 0.366 5.121 ± 0.658 n.s. 
5 - 10 2.354 ± 0.177 1.557 ± 0.149 P = 0.0298; PLSD = 0.669 
10 - 15 1.373 ± 0.089 0.672 ± 0.173 P = 0.0133; PLSD = 0.459 
15 - 20 1.002 ± 0.103 0.556 ± 0.075 P = 0.0014; PLSD = 0.157 
20 - 25 0.477 ± 0.060 0.342 ± 0.053 n.s. 
25 - 30 0.310 ± 0.049 0.240 ± 0.042 n.s. 
30 - 35 0.237 ± 0.037 0.197 ± 0.037 n.s. 
35 - 40 0.149 ± 0.008 0.154 ± 0.035 n.s. 
40 - 45 0.134 ± 0.022 0.122 ± 0.021 n.s. 
45 - 50 0.098 ± 0.037 0.110 ± 0.023 n.s. 
50 - 60 0.172 ± 0.054 0.180 ± 0.046 n.s. 
60 - 70 0.157 ± 0.053 0.145 ± 0.039 n.s. 
70 - 80 0.131 ± 0.040 0.168 ± 0.057 n.s. 
80 - 90 0.116 ± 0.054 0.182 ± 0.085 n.s. 
90 - 100 0.103 ± 0.055 0.122 ± 0.045 n.s. 
100 - 105 0.043 ± 0.036 0.025 ± 0.010 n.s. 
TOTAL 13.011 ± 0.900 10.045 ± 0.708 P = 0.009; PLSD = 1.735 
ANOVA = Analysis of Variance; n.s. = not significant 
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The statistical package Statview was used to analyse the data by analysis of variance. The 
differences between the treatment means (subsoiled versus non-subsoiled) were then tested using 
Fisher's protected least significant difference technique. Results of these analyses are presented 
in Table 4.21. 
Powlson et al. (1992) noted that the quantity of fertilizer N retained in the soil at harvest 
was remarkably constant between a number of different experiments in field trials using 15N 
labelled fertiliser. However, in this experiment, the total amount of 15N recovered in the 
subsoiled lysimeters was significantly higher than that recovered in the non-subsoiled lysimeters 
(Table 4.21; Figure 4.32). This difference may be attributed to the significantly higher amounts 
of 15N recovered in the topsoil regions of the soil profile, between 5 to 20 cm depth (Table 
4.21). In the subsoiled lysimeters, a total of approximately 26% of the applied urine 15N was 
still present in the roots and soil at the end of the experiment (Appendix 4.30). Of this 26%, 
approximately 85% was found in the top 20 cm depth of soil (Appendix 4.30). Similarly for the 
non-subsoiled lysimeters, approximately 20% of the applied urine 15N was recovered in the full 
depth of the lysimeter profile, of which around 79% was found in the top 20 cm of the profile 
(Appendix 4.30). 
Powlson et al. (1992) reported similar findings. On average they recovered 18% of 
applied labelled fertiliser nitrogen in the soil to a depth of 70 cm. Approximately 84 - 88% of 
this labelled N was found within the cultivated layer (0 - 23 cm). Similar distributions of 
labelled N were also reported by Powlson et al. (1986) for winter wheat at Rothamsted, where 
13 - 36% of the applied nitrogen fertiliser was retained in the topsoil and roots (0 - 23 cm). 
After a four year lysimeter experiment, Dowdell and Webster (1984) reported that 25% of the 
applied 15N fertiliser (applied four years earlier) was found remaining in the soil plus barley 
roots, to a depth of 135 cm. Of this, 73% was present in the upper 30 cm of the profile. 
In the current experiment, immediately after the application of 15N labelled urine at the 
start, a 10 mm application of simulated rainfall was applied. This meant that the urine solution 
was washed below the soil surface to an estimated average depth of 5 cm. At the end of the 
experiment, there was a significantly higher total amount of the 15N which was applied, still to 
be found in the region from 5 - 20 cm depth of the subsoiled lysimeters (Table 4.21; Figure 
4.32). 
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Figure 4.32 Total amounts of 15N recovered in the soil at the end of the experiment 
Since the act of subsoiling increases soil aeration, it therefore also encourages the proliferation 
of the soil microbial fauna .JVhere there is a plentiful supply of substrate. Hence, the 
significantly higher amounts of 15N which were recovered in the soil between 5 and 20 cm depth 
might be partially attributed to a corresponding greater increase in the microbial pool size and 
activity in the subsoiled lysimeters as compared to that in the non-subsoiled lysimeters following 
urine application. Greater numbers and/or activity of microbes would therefore cause an 
increase in the amount of immobilisation of the applied urine nitrogen. 
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Porosity tended to be higher in the topsoil of the subsoiled lysimeters. Thus an increase in 
the porosity of the soil also meant an increase in the surface area of soil aggregates exposed to 
the applied solute. The volume of voids, from which diffusion of the applied solute into 
aggregates could occur, would therefore have been greater in the subsoiled lysimeters. 
Consequently, a larger proportion of the 15N applied may have diffused to a greater extent into 
the soil aggregates in the subsoiled lysimeters than in those which were not subsoiled. In 
addition, the increased tortuosity of the pore pathways between aggregates in the subsoiled 
lysimeters could therefore also protect a portion of the applied 15N to some extent from leaching. 
This would have then allowed a slightly greater proportion of the applied 15N to remain for a 
longer period of time in the topsoil regions, thus providing a greater opportunity for 
incorporation of 15N into the soil organic fraction by the soil microbes. It is also likely, due to 
the ripping action of subsoiling, that a greater proportion of the organic matter was subsequently 
mineralised in the subsoiled areas of the trial site as compared to the non-subsoiled areas. 
Therefore, due to potentially differing C:N soil ratios between the treatments by the start of the 
experiment in July 1990, upon the addition of the urine there may have been a greater 
propensity for immobilisation to occur in the subsoiled lysimeters. 
Another reason for the differences in the amount of 15N remaining in the soil at the end of 
the experiment may be due to the process of denitrification occurring to a lesser extent in the 
subsoiled as opposed to non-subsoiled lysimeters. The presence of low amounts of oxidisable 
carboniferous material and high amounts of oxygen in the soil decrease the losses of nitrogen via 
denitrification processes (Allison et al., 1960). The 02 content is likely to be higher in soil 
which has been subsoiled, and consequently the amount of carboniferous material is likely to be 
lower, with the result that the potential for denitrification is decreased. 
Waterlogging is known to promote rapid denitrifi~ation by impeding the diffusion of 02 to 
sites of microbial activity. By its creation of macropores, subsoiling enhances drainage as well 
as aeration. Thus the open soil structure created by subsoiling facilitates rapid exchange of 
gases between the soil and the atmosphere above. Consequently, the amount of denitrification is 
likely to be reduced by subsoiling, and in this experiment this appears to be the case. 
Furthermore, the greater number of macropores created by subsoiling would have promoted the 
possibility of macropore flow occurring in the subsoiled lysimeters - particularly after heavy 
rainfall or irrigation inputs. Partly for this reason the subsoiled lysimeters were found to drain 
more quickly than the non-subsoiled lysimeters (Section 4.2.1.4). No heavy rainfall occurred 
within the first two weeks following the urine application. This was thought to be a long 
enough period for a considerable proportion of the urine to have equilibrated with the soil and to 
have diffused into the soil aggregates. Consequently during any of the subsequent heavy rainfall 
events, much of the applied urine nitrogen would have been by-passed in the subsoiled 
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lysimeters more-so than in the non-subsoiled lysimeters, again allowing longer time for the 
microbes to incorporate nitrogen into the organic fraction of the soil. This theory is supported 
by the leaching data in this experiment (Section 4.2.3), where delayed emergence of the peak 
concentration was found in the subsoiled lysimeters as opposed to the non-subsoiled lysimeters. 
In conclusion, the act of subsoiling appeared to enhance the retention of the applied urine 
15N 'in the topsoil regions of the soil profile under the conditions of this experiment. 
169 
4.2.5 Ft()()1rS 
Ftoots were washed out of subsamples of soil from the lysimeters at the end of the 
experiment. An indication of the amounts of 15N present in the roots was obtained after analysis 
by mass spectrometry. The percentage 15N recovered in the soil was calculated using the 
equation given by Cabrera and Kissel (1989) (Section 4.2.4). Background levels of 15N in the 
roots were assumed to be the same as for the shoots (Section 4.2.2.2c). 
1rable 4.22 summarizes the calculated dry weights found in the lysimeters. No significant 
differences between treatments were found, indicating that subsoiling appeared-to have no effect 
upon the total root mass present in the soil profile. It may therefore be proposed that even 
although preliminary measurements of dry bulk density and penetration resistance (Section 4.1) 
provided suggestion of root restriction at the trial site, the act of subsoiling did not appear to 
remove a physical barrier in the soil in this experiment, as the roots did not respond to the 
treatment. 
1rable 4.22 Dry weights of roots found in lysimeters at the end of the experiment. 
Depth Subsoiled (± s.e.) (g m-2) Non-subsoiled (±s.e.) (g m-2) ANOVA 
0-25 cm 960.0 ± 191.4 1087.9 ± 226.8 n.s. 
25-50 cm 43.7 ± 4.1 30.6 ± 4.8 n.s. 
50 cm plus 16.0 ± 5.4 16.6 ± 3.7 n.s. 
n.s. = not significant 
1rhe calculated amounts of 15N remaining in the roots of the plants are presented in 1rable 
4.23. A total of 0.162 g of 15N m-2 was recovered in the subsoiled lysimeters' roots, compared 
to a total of 0.335 g 15N m-2 in the non-subsoiled lysimeters. 1rhe difference between these two 
mean values was significant at p = 0.0399 when analysed by analysis of variance using the 
'Statview' statistical package. This suggests that a significantly higher amount of the applied 
15N was recovered in the roots of the non-subsoiled .lysimeters at the end of the experiment, 
even although there was no significant difference in the total root mass present (1rable 4.22). 
1rotal 15N recovery is depicted in Figure 4.33, whilst total root mass is depicted in Figure 4.34. 
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Table 4.23 Total amounts of 15N recovered in the roots at the end of the experiment. 
Depth Subsoiled (± s.e.) Non-subsoiled ~± s.e.) I ANOVA (em) (g 15N m-2) (g 15N m- ) 
0-25 0.148 ± 0.024 0.320 ± 0.036 P = 0.0388; 
PLSD = 0.012 
25-50 0.012 ± 0.0008 0.012 ± 0.004 n.s. 
50 plus 0.002 ± 0.0004 0.003 ± 0.0004 n.s. 
Total 0.162 ± 0.024 0.335 ± 0.037 p = 0.0399; 
PLSD = 0.160 
n.s. = not significant; PLSD = Fisher's protected least significant difference. 
Of the 15N which was originally applied, the amounts recovered in the roots at the end of 
the experiment represent 0.32% and 0.67% of the 15N applied respectively for the subsoiled and 
non-subsoiled treatments. The results might suggest that there was a significantly higher 
proportion of the available 15N nitrogen in the non-subsoiled lysimeters (Table 4.23). However, 
since the levels of 15N are so low, this significant difference may be due to an artefact, thus in 
real terms may therefore not be significant. The technique used in preparation of the roots 
(Section 3.10.4) involves the use of copious quantities of water to remove the roots from the soil 
and thus prepare them for analyses. During this process, some of the nitrogen present in the 
roots may even have been washed away. Consequently, the results of the chemical analyses for 
total nitrogen and 15N only provide an indication of the nitrogen present in the roots and may 
not therefore be regarded as quantitative data. However, it does provide a rough estimation of 
the nitrogen present, with an indication that the levels are extremely low. 
No significant differences were found between treatments for the total root length present 
in the soil profile (Table 4.24; Figure 4.35). Neither were there any significant differences 
found between treatments for the rooting densities (Table 4.25; Figure 4.36). 
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Figure 4.33 Total recovery 0/ I5N in the roots at the end o/the experiment. 
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Figure 4.34 Total root mass present in the lysimeters at the end 0/ the experiment. 
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Figure 4.35 Total root length present in the lysimeters at the end of the experiment. 
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Figure 4.36 Root densities found in the lysimeters at the end of the experiment. 
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Table 4.24 Total root lengths present in the lysimeters at the end of the experiment. 
Subsoiled (± s.e.) Non-subsoiled (± s.e.) ANOVA 
Depth (em / em2 soil) (em / em
2 soil) 
(em) 
0-25 1.496 ± 0.176 1.179 ± 0.106 n.s. 
25-50 0 .. 171 ± 0.049 0.110 ± 0.003 n.s. 
50 plus 0.084 ± 0.035 0.050 ± 0.010 n.s. 
Total 1.750 ± 0.169 1.340 ± 0.115 I n.s. I 
Table 4.25 Root densities in the lysimeters at the end of the experiment. 
Subsoiled (± s.e.) Non-subsoiled (± s.e.) 
I ANOVA I Depth (em) (cm / cm3 soil) (cm / cm3 soil 
0-25 32.0 ± 4.4 24.1 ± 1.9 n.s. 
25 - 50 3.7 ± 1.1 2.4 ± 0.2 n.s. 
50 plus 0.9 ± 0.4 0.5 ± 0.1 n.s. 
I Total II 36.6 ± 4.4 I 26.9 ± 2.1 II n.s. I 
In conclusion, the act of subsoiling did not appear to affect the density or distribution of 
roots within the lysimeters. Therefore. the primary objective of subsoiling, which is usually to 
provide a deeper and more favourable zone for root growth (Swain, 1975; Unger and Stewart, 
1983) does not appear to have been met ·successfully in this experiment. These results therefore 
contradict the findings of a number of other workers who found that subsoiling resulted in 
increased maximum rooting depth and root densities (e.g. Davies et al., 1982; Braim et ai., 
1984; Bennie and Botha, 1986; Hipps and Hodgson, 1987; 1988). Some other workers, 
however, have also reported similar findings to this experiment, with no increase in root growth 
(Davies et al., 1982; Cassel and Edwards, 1985; Hipps and Hodgson, 1987). These workers 
therefore assumed that the reason for the failure of subsoiling to increase root growth was due to 
little or no limitation to root growth being present prior to loosening, or to a small number of 
existing channels already present in the soil providing sufficient pathways for the roots to 
circumvent compacted zones and enter the subsoil. 
On the other hand, Bennie and Botha (1986) reported that after subsoiling a sandy soil to 
40 cm the early growth rate of wheat roots in the subsoiled treatment was much higher than in 
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the non-subsoiled controls. However, by the time of maximum root development there was little 
difference between maximum rooting depths in the subsoiled and non-subsoiled treatments. 
U sing the measurements of root length taken in the field prior to sampling of the lysimeters as 
an indication of the root length present during the early stages of growth (Section 4.1.7) it can 
be seen that even at this stage there appeared to be no real differences between the treatments. 
It may therefore be concluded that although preliminary measurements of dry bulk density and 
penetration resistance (Section 4.1) and visual inspection of the trial site prior to subsoiling 
appeared to indicate that soil compaction was limiting the root growth (Greenwood, P.B. and 
Cameron, KC., pers comm [visual inspection]), in actual fact the limitations were not as great as 
they at first appeared to be; and root growth had not been severely restricted prior to subsoiling. 
The proposal to use subsoiling to improve root growth and thus capture of N from urine 
(or fertiliser) could not therefore be universal, as it will depend strongly upon the soil conditions. 
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4.2.6 COMPLETE lsN BALANCE 
At the start of the experiment, a total of 50 g N m-2 was applied to the surface of each 
lysimeter in the form of lsN labelled urine. The fate of this applied lSN was monitored over the 
following year by measuring the amounts which were recovered by the pasture (Section 4.2.2) 
and the amounts which were recovered in the leachate from each lysimeter (Section 4.2.3). At 
the end of the experiment the amounts which still remained in the soil were also determined 
(Sections 4.2.4 and 4.2.5). A mass balance for the lSN labelled urine was therefore possible. 
Table 4.26 summarizes the complete mass balance for lsN in each of the lysimeters, and 
the percentages of the applied lSN which these amounts represent are presented in Table 4.27. 
The mean percentages of lsN recovered in each component measured are depicted in Figure 
4.37. Differences between the treatments were tested using the Statview statistical package by 
analysis of variance, with the difference between the treatment means being tested using Fisher's 
protected least significant difference technique. The results of these analyses are also presented 
in Tables 4.26 and 4.27. 
No significant differences were found between the treatments for the amount of lsN which 
was taken up by the pasture during the experiment, with an average of approximately 20 g m-2 
(40%) of the applied lSN being recovered in the pasture of the subsoiled lysimeters, compared 
with 22 g lsN m-2 (44%) in the non-subsoiled lysimeters. However, for the soil and roots 
component, a significantly higher amount of lsN (p = 0.022) was retained in the soil profile of 
the subsoiled lysimeters. Around 13 g 15N m-2 were recovered overall in the soil plus roots of 
the subsoiled lysimeters, compared to approximately 10 g 15N m-2 in the non-subsoiled 
lysimeters (Table 4.26). These amounts represented 26% and 20% of the applied lsN 
respectively (Table 4.27). Similarly, the amounts of 15Nrecovered in the leachate from the 
lysimeters were significantly higher (p = 0.069) from the subs oiled lysimeters (8 g 15N m-2) 
compared to the non-subsoiled treatment (4 g 15N m-2). These amounts represented 16% and 
8% of the applied lsN respectively (Table 4.26). 
As a result of these differences, the grand total amount of 15N which was recovered overall 
was significantly higher (p = 0.032) in the subs oiled as opposed to non-subsoiled treatment 
Almost 41 g lsN m-2 (81%)of the original 50 g 15N m-2 applied were recbvered in the subsoiled 
lysimeters, compared to 36 g 15N m-2 (72%) being recovered in the non-subsoiled treatment 
(Tables 4.26 and 4.27). 
Table 4.26 The complete 15N mass balance for each lysimeter at the end of the ~xperiment. 
Subsoiled lysimeters (g 15N m-2) Non-subsoilcd lysimeters (g 15N m-2) 
AMOUNT 
RECOVERED SSl SS2 SS3 SS5 SS6 Mean s.e. NSl NS2 NS3 NS5 NS6 Mean 
IN PASTURE 18.44 14.93 24-48 25.38 16.06 19.86 2.15 19.52 19.99 22.22 23.03 24.21 21.79 
IN SOIL + ROOTS 13-42 12_12 12-47 16.11 10.72 12.97 0.97 9.08 11.92 10.23 11.83 7.86 10.18 
IN LEACHATE 8.18 11.79 6.08 3.29 10-48 7.96 1.52 7.14 7.14 3.87 1.65 0.99 4.16 
TOTAL 40.04 38.84 43.03 44.78 37.26 40.79 1.37 35.74 39.05 36.22 36.51 33.06 36.12 
UNACCOUNlED FOR 9.96 11.16 6.97 5.22 12.74 9.21 1.37 14.26 10.95 13.68 13-49 16.94 13.86 
s_e. 
0.89 
0.79 
1.31 
0.96 
0.96 
ANOVA 
n.s. 
P = 0.022 
PLSD =4.11 
P = 0.069 
PLSD = 8.55 
P = 0_032 
PLSD = 7.96 
p = 0.032 
PLSO = 7.96 
..... 
-l 
0\ 
Table 4.27 . The complete balance of percentage recovery of lSN in each lysimeter at the end of the experiment. 
--- --- -_ ...... _---_ ... _ .. _------_ .. _-----_ ......... _------_. __ ... _-
Subsoiled lysimetelS (% Recovery of applied 15N) Non-subsoiled lysimelelS ( % Recovery of applied 15N ) 
AMOUNT 
RECOVERED SSI SS2 SS3 SS5 SS6 Mean s.e. NSI NS2 NS3 NS5 NS6 Mean s.e. ANOVA 
SS NS 
IN PASTURE 36.8 29.8 48.9 50.6 32.0 39.6 4.3 38.9 39.9 44.3 45.9 48.3 43.5 2.1 n.s. 
IN SOIL + ROOTS 26.8 24.2 24.9 32.2 21.4 25.9 1.8 18.2 23.8 20.5 23.7 15.7 20.4 2.3 P = 0.022 
PLSD =4.2 
IN LEACHATE 16.3 23.5 12.1 6.6 20.9 15.9 3.0 14.2 14.2 7.7 3.3 2.0 8.3 3.2 P = 0.069 
PLSD = 6.6 I 
TOTAL 79.9 17.5 85.9 89.4 74.3 81.4 2.8 71.3 77.9 72.5 72.9 66.0 72.1 2.0 P = 0.032 I 
PLSD = 8.0 I 
I 
UNACCOUNTED FOR 20.1 22.5 14.1 10.6 25.7 18.6 2.8 28.7 22.1 27.5 27.1 34.0 27.9 2.0 P = 0.032 
PLSD = 8.0 
..... 
-...J 
-...J 
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Figure 4.37 Mean total percentage recoveries of applied urine 15N in the lysimeters. 
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Consequently, the amount of urine 15N which could not be accounted for in the subsoiled 
lysimeters (9 g 15N m-2 or 19% of that applied) was significantly lower than that in the 
non-subsoiled lysimeters (14 g 15N m-2 or 28%). 
It is assumed that any 15N which is not accounted for by the measured components of the 
mass balance represents the amount lost by the processes of ammonia volatilisation and 
denitrification. 
Losses of applied 15N due to the process of ammonia volatilisation were considered to be 
negligible in this experiment, due to the immediate application of 10 mm of water following the 
urine application (Black et al., 1987). This was confirmed by a small subsidiary experiment, in 
which urine nitrogen was applied at the same rate at the main experiment (50 g N m-2) to small 
blocks of soil in the field. Small circular enclosures (25 cm diameter x 5 cm above soil level) 
were placed on top of each soil block. Conditions similar to those imposed on the main 
experiment were then simulated. 
Ammonia gas losses were trapped by passing air from the enclosures through vessels 
which contained 0.1 M H2S04 (Black et al., 1987). The amount of NH3 trapped was then 
determined using an ion specific electrode. 
Results of this subsidiary experiment showed that the total amount of nitrogen lost under 
these conditions represented only 0.75% of the 50 g N m-2 applied (Le. < 0.5 g N m-2). 
Therefore, for the purposes of the main experiment, losses of 15N by volatilisation were 
considered to be minimal, almost negligible. 
In this experiment, the vast majority of the 15N which was unaccounted for was therefore 
considered to be lost via the process of denitrification. The reason for the differences in amount 
unaccounted for may at least be partially due to the subs oiling operation having produced 
conditions in the soil which were less favourable for the occurrence of denitrification. An 
increase in soil porosity was found to have occurred as a result of subsoiling (Section 4.2.4.2); 
and drainage was found to be faster from the subsoiled lysimeters (Section 4.2.1.4). These 
factors would have reduced the potential for denitrification to have occurred in the subsoiled 
lysimeters. Consequently, it is likely that there was considerably less 15N lost from the 
subsoiled lysimeters (19% of applied) via the processes of denitrification than from the 
non-subsoiled lysimeters (28% of applied). 
In a similar experiment, Webster and Dowdell (1985) reported slightly higher total 
recoveries in comparison to the current experiment. After having applied nitrogen at the. rate of 
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40 g N m-2 to grass swards growing in lysimeters containing monoliths of sandy loam soil, they 
reported total recoveries in the crop, drainage and soil of 93 - 98% of the applied nitrogen. The 
remaining labelled nitrogen they presumed was lost by denitrification. They concluded that the 
conditions of their experiment and in particular the low rainfall and sandy nature of their soil 
reduced the potential for large amounts of denitrification. 
In another lysimeter experiment using barley Dowdell and Webster (1984) reported total 
recoveries of 81 - 87% of the applied 15N at the end of a four year period. They noted that no 
nitrous oxide emissions were detected during their experiment and consequently attributed the 
nitrogen not accounted for to have been lost by denitrification of nitrate to dinitrogen. In 
laboratory studies which they conducted in both aerobic and anaerobic conditions in the presence 
of acetylene they confirmed that 10 - 20% of the applied 15N could have been transformed to 
dinitrogen. The results of the current experiment therefore agree quite favourably with these 
results. 
Addiscott and Powlson (1992) also reported that in 13 different experiments made between 
1980 and 1983 on three widely differing soils growing winter wheat crops, that 1 to 35% of 
applied 15N was presumed lost as it was not recovered in the crop or the soil. U sing models to 
estimate losses by leaching and taking into account plant utilisation they subtracted this loss 
from the total loss to obtain a measure of loss by denitrification. Analysis of variance showed 
that denitrification increased significantly with the quantity of nitrogen applied and regressions 
showed that the denitrification was better related to the wetness of the soil during the three 
weeks after fertiliser application than to the corresponding amount of rain. In general, the 
apparent losses by denitrification were on average almost twice as large as those by leaching, 
but they noted great variation between experiments. 
Powlson et al. (1992) also reported that the greatest loss of 35% mentioned above was 
from a drained sandy clay loam in a year when the spring rainfall was particularly large. They 
reported on a number of experiments using winter wheat and found that the mean recovery of 
15N in the crop and soil was 84.5%, with the relationship to the amount of rainfall in the 3-week 
period following fertiliser application having the greatest influence upon the losses by leaching 
and denitrification. 
In the current experiment, although during the first two weeks after application of the urine 
only a small amount of rainfall occurred, the amount of rainfall during the month of August was 
well above average (Section 4.2.1.1). This rainfall, combined with rising spring temperatures 
and followed by border dyke irrigation inputs during the warm summer months, may therefore 
have contributed substantially to the losses by denitrification which were subsequently found. 
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Bergstrtim (1987) found that low levels of precipitation led to extremely low leaching 
losses (1.2% of applied 15N) from a lysimeter experiment using grass, over a three. year period. 
He pointed out that environmental factors such as precipitation can drastically change the N 
balance within the soil. 
In a field experiment, on the other hand, Whitehead and Dawson (1984) reported overall 
recovery of the labelled fertiliser N in herbage, stubble, leaf litter, roots and soil was 74 - 75%, 
with the remainder assumed to have been lost by either leaching or denitrification. Similarly, 
Powlson et al. (1986) reported overall recovery of fertiliser N in crop plus soil from 70 - 90% 
over a four-year period. 
In another lysimeter experiment, van der Kruijs et al. (1988) found total recoveries of 
between 70 and 93% under the wet conditions of their experiment in Nigeria. Again these 
results compare favourably with the results of the current experiment. Under the conditions of 
their experiment they too concluded that it was likely that the 15N which could not be accounted 
et al.. 
for had been lost by denitrification. Wong(1987) reporting on the same experiment, found that 
A 
over the two years of the experiment 81.4% of the 15N a.dded at the start of the first rainy season 
was recovered in the drainage water. This again emphasises the influences of environmental 
parameters such as rainfall on the overall fate of nitrogen in soil. 
Recent experiments by Clough (1992), also using 15N labelled synthetic urine at the same 
rate as in the current experiment, have shown that the amounts of 15N lost via denitrification are 
similar to the findings of the current experiment [personal communication; unpublishedJ., 
In conclusion, under the relatively wet conditions of this experiment subsoiling this 
Templeton silt loam resulted in: 
(i) no difference to the amount of 15N taken up by the pasture; 
(ii) an increase in the amount of 15N retained by the soil and roots; 
(iii) an increase in the amounts of 15N lost via leaching processes; and 
(iv) a decrease in the amount of 15N lost via the processes of denitrification. 
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The practical implications of these effects are: 
(i) that the use of subsoiling to improve root growth and thus capture of nitrogen 
from urine (or fertiliser) should not be seen as universal, as it will depend 
strongly upon the soil conditions as well as environmental factors such as 
rainfall. 
(ii) that the act of subsoiling might not be seen as a practical measure in terms of 
environmental considerations; since although the loss of nitrogen to the 
atmosphere may have been decreased by subsoiling, it is done so at the cost of 
increased nitrate pollution to the substratum. 
CHAPTER FIVE: APPRAISAL OF SELECTED MODELS FOR NITROGEN CYCLING 
AND LEACHING 
In recent years, a number of computer simulation models have been developed in an 
attempt to describe the various processes involved in the nitrogen cycle. 
Some workers have attempted to model several pathways of the nitrogen cycle at once, 
whilst others have concentrated upon only one specific pathway or component of the cycle e.g. 
plant uptake or leaching or mineralisation. Many of these models have been developed for 
specific research conditions and consequently have limited applicability as a management tool. 
The deterministic nature of many research models coupled with their data-intensive demands, 
often make them cumbersome for use on a routine management basis. 
There is currently substantial interest in the agricultural community in using models to 
guide the application of water and chemicals to soils and crops, and to predict the fate of these 
materials in the environment. A recent review of modelling approaches (Addiscott and Wagenet, 
1985) identified a number of both research and management models that have been reported in 
the literature. 
The objective of the work reported in this chapter was to test the accuracy of prediction of 
selected nitrogen models by comparing predicted values against the values obtained from the 
lysimeter experiment. Only data from the non-subsoiled lysimeters was used in the comparisons. 
5.1 COMPUTER SIMULATION FOR THE COMPLETE NITROGEN CYCLE 
The first model examined was the 'LEACHN' model, a full nitrogen mass balance model 
developed by Hutson and Wagenet (1989) at Cornell University, New York. The LEACHN 
model is a process-based model of water and solute movement, transformations, plant uptake and 
chemical reactions in the unsaturated zone, and was intended to be applied to field situations. 
The model requires the following inputs: 
A. Soil properties and initial conditions for each soil segment: 
(i) water content or water potential; 
(ii) hydrological constants for calculating retentivity and hydraulic conductivity or 
particle size distribution; 
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(iii) content of nitrogen and carbon and soil chemical properties. 
B. Soil surface boundary conditions of: 
(i) irrigation and rainfall amounts and rate of application; 
(ii) mean temperature and diurnal amplitude for each period regarded as having a 
constant temperature regime; 
(iii) pan evaporation values. 
C. Crop details: 
(i) time of planting; 
(ii) root and crop maturity and harvest; 
(iii) root and cover growth parameters; 
(iv) a pan factor for adjusting pan evaporation to potential crop evapotranspiration; 
(v) lower soil and plant potentials for water extraction by plants. 
D. Other constants used in determining bottom boundary conditions, time steps and diffusion 
coefficients. A sample input file is given in Appendix 5.1. 
The output which is obtained provides estimates of: 
a) hydraulic conductivities and water contents for each layer of the soil at soil 
water matric potential values of 0, -3, -10, -30, -100 and -1500 kPa; 
b) cumulative totals and mass balances of water and nitrogen; 
c) summary by depth of water content, matric potential water flux between layers, 
soil temperature, evapotranspiration and mass and concentration of nitrogen; 
d) summary table by depth of root density, water uptake and solute uptake. 
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Using the data from the current experiment, attempts were made to model the fate of an 
application of 50 g N m-2 on the soil surface. Where data input values were not available from 
measurements made in the current experiment, appropriate values were extracted from the 
literature. 
Approximately 110 different types of data inputs are required for the model. Of these, 
around 85 reliable estimates Were able to be obtained from measurements conducted in the 
current experiment (Appendix 5.1). 
A number of simulations were performed varying the 'unknown' parameters according to 
different published values. Running the model did not produce wholly satisfactory results using 
these measured and estimated values. For example, the total amount of drainage water predicted 
by the model amounted to less than 300 mm for the non-subs oiled lysimeters for all simulations. 
However, the actual amount of drainage measured from the non-subsoiled lysimeters averaged 
517 mm, which is considerably higher than the amount predicted by the model. 
At the same time, around 7.5 g N m-2 were predicted to be lost in the form of N03--N in 
the drainage water from the non-subsoiled lysimeters. This was considered a fairly reasonable 
estimation of nitrate leaching losses, since the measured total amount of N03--N found in the 
leachate from the NS lysimeters was approximately 5.5 g N m-2 (Table 4.9c; Section 4.2.3). 
However, predictions of plant uptake were considerably under-estimated when compared to 
the measured values. The model predicted that around 11 g N m-2 was taken up by the pasture, 
whilst in the current experiment it was found that 21 g N m-2 of the applied 15N was taken up 
by the pasture, or in total around 62 g N m-2 were actually taken up over the duration of the 
experiment by the pasture (Table 4.11c; Section 4.2.2). It seems likely that at least part of the 
reason for this under-estimation was due to the fact that the model was designed to simulate soil 
conditions and plant uptake under a cropping situation rather than under pasture. 
Some other limitations of the model are that it: 
a) cannot use unequal depth increments; 
b) does not predict runoff water quantity/quality; 
c) does not simulate the response of plants to soil or environmental changes, or 
predict crop yields. 
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After comparing six simulation models for the nitrogen cycle, de Willigen and Neeteson 
(1985) concluded that most of the problems with such models were caused by the 
microbiological processes. 
It may be concluded that the LEACHN model was unable to provide satisfactory 
of 
estimations of the fate the nitrogen applied to the lysimeters used in the current experiment. 
A 
Even although a large number of the required soil physical and chemical data inputs had been 
measured in this 15N lysimeter experiment, the data requirements of the model were considerably 
greater than those available. The model was unable to predict the fate of the nitrogen either 
reliably or easily. This highlights the limited use which can be made of these rather complex 
types of model. 
Consequently, after finding such a limited degree of success with this more complex type 
of model, efforts were subsequently placed upon appraising three models which mainly 
concentrate upon only one aspect of the nitrogen cycle - that of solute leaching. 
5.2 PREDICTION OF SOLUTE LEACHING 
A fairly large number of different models have been developed to simulate and predict the 
movement of solutes such as nitrate in soils (for a recent review see Addiscott and Wagenet, 
1985). 
Several different approaches have been taken. A considerable number of models are based 
on analytical or numerical solutions to the convective dispersive equation (CDE) (e.g. Biggar 
and Nielsen, 1962; Bresler et al., 1982; Rose ef aI., 1982a, b). Other workers have used 
empirical multi-compartmental layer methods (e.g. Burns, 1974; Addiscott, 1977), stochastic 
methods (e.g. Jury, 1982; White, 1985) or mechanistic models (e.g. Barraclough, 1989a) for 
prediction. 
Three models, each of a different type, were chosen for comparative appraisal and were 
subsequently tested using the data from the current experiment. 
5.2.1 ROSE MODEL 
A simple deterministic model based on the convective dispersive equation (CDE) (Equation 
2.10) was proposed by Rose et al. (1982a, b). 
In this model, where a solute is applied as a pulse (e.g. the application of urine-N to the 
soil surface) the calculation is split into two sections. Firstly the position of the peak solute 
concentration, a, is calculated from the following equation (Rose et al., 1982a): 
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(5.1) 
where I = infiltration rate, .1t is the effective time of infiltration, efc is the average profile 
moisture content and Qa is the amount of infiltration. A required assumption is that efc returns 
to a constant value after infiltration and drainage. The solute concentration is approximated by a 
rectangular pulse of width .1F and the initial concentration is Co. It is also assumed that all 
solute is capable of being leached. 
The second part of the calculation involves determination of the effect of dispersion around 
the peak by approximate analytical steady state solutions to the CDE (Rose et al., 1982b). The 
theory given by Rose et al. (1982b) leads to the equation: 
~ =-1. [erfC( z - « ) - erfc( z - p ) ] 
Co 2 2 (Dot + ma) 0.5 2 (Dot + mp) 0.5 
where C = solute concentration; 
Co = initial solute concentration; 
z = distance from soil surface; 
a = solute penetration depth (Equation 5.1); 
13 = (a - .1F) where .1F is the thickness of the initial solute pulse; 
(5.2) 
Do = molecular diffusion coefficient appropriate to the particular solute in soil; 
t = time; 
m = dispersivity defined by E = Do + mU; 
E = hydrodynamic dispersion coefficient; 
U = average pore water velocity; 
erfc = complementary error function. 
A FORTRAN computer program (Cameron, 1981) was used to enable repeated and 
extensive model testing. The program computes the solute concentrations remaining in the 
various soil layers after the cessation of drainage and converts these values into percentage 
recoveries. The amount of solute leached was calculated as the difference between the amount 
of solute added (100%) and the amount recovered in the soil. 
Equation 5.1 was used to calculate the depth of movement of the peak solute 
concentration, a, for the current experiment. Values for efc were given in Section"4.2. 
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Since the model does not account for soil N transformations or plant uptake, it was 
considered more appropriate to test the predicted leachate recovery values against the amount of 
15N leached, expressed as a percentage of total 15N recovered in the leachate. 
The width of the initial solute pulse (LW) was calculated from the soil moisture content and 
the volume of the labelled urine applied plus the volume of the 10 mm simulated rainfall event 
which followed immediately after urine application. 
The molecular diffusion coefficient of nitrate in the soil (Do) was taken to be 0.1 cm2 d-1 
(Nye and Tinker, 1977). The time period which was simulated was one complete calendar year 
(Le. the same duration as the current experiment). 
A range of values of dispersivity were tested, from 3 to 30 cm. MCLay (1989) found that 
using a dispersivity value of approximately 4 cm worked best for his experiments conducted 
using shorter lysimeters (30 cm depth) containing Wakanui silt loam from the Lincoln University 
Research Farm. However, Rose et al.(1982b) found that a value of m = 12 cm best described 
dispersivity in their lysimeter experiments (depth = 2.44 m). 
The predicted and actual pattern of leaching of 15N03- is presented as a curve of the 
cumulative percentage of the nitrate which was actually recovered in the leachate versus time in 
days (Figure 5.1). For 15N0 3 the best prediction with the Rose Model was obtained using a 
dispersivity value equal to 15 cm (? = 0.991) (Table 5.1). Varying the value of m on either 
side of this value appeared to reduce the 'goodness of fit', although across this range the? 
value was greater than 0.96 throughout. 
Similarly, for the test of the prediction of bromide leaching, expressed as a percentage of 
the total amount of bromide recovered in the leachate, the model was able to predict the 
leaching pattern fairly accurately (Figure 5.2). Across a range of different dispersivity values 
again between 3 and 30 cm, the pattern of leaching did not vary greatly. When regressed 
against the actual amount of Bromide recovered, the predictions by the model produced? values 
in excess of 0.910, with the 'best fit' being found when m was taken between 15-20 cm (Table 
5.2), as the slope of the line approached unity. 
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Table 5.1 Effect of using different values of dispersivity on the accuracy of Rose model 
predictions of 15N % recovery (expressed as a % of total 15N recovered in the 
leachate). 
I m I Regression Equation (P on M) ? 
3 P = -10.50 + 1.12M 0.963 
5 P = -11.75 + 1.11M 0.960 
7 P = -9.59 + 1.08M 0.972 
9 P = -6.183 + 1.05M 0.982 
11 P = -3.97 + 1.03M 0.986 
13 P = 1.70 + LOOM 0.985 
15 P = 1.56 + 0.98M 0.991 
20 P = 4.19 + 0.93M 0.985 
30 P = 9.27 + 0.88M 0.974 
P. = predicted; M = measured 
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Figure 5.1 Cumulative curves showing Rose model prediction and 
actual pattern of leaching of15N03 from the lysimeters. 
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Figure 5.2 Cumulative curves showing Rose model prediction and 
actual pattern of l.eaching of Bromide from the lyslme'ters. 
Effect of using different values of dispersivity on the accuracy of Rose model 
predictions of Bronlide % recovery (expressed as a % of Bromide recovered in 
the leachate). 
II Regression Equation (P on M) II 
r2 
I 
P = -7.56 + 1.19M 0.910 
P = -9.49 + 1.19M 0.923 
P = -7.72 + 1.17M 0.943 
P = -4.45 + 1.13M 0.954 
I 
P = -2.47 + 1.11M 0.963 
P = -0.39 + 1.09M 0.967 
P = 2.98 + 1.06M 0.968 
P = 5.01 ;,. L02M 0.978 
P = 10.13 + 0.96M 0.965 
P :-:: predicted' M = measured 
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As a general conclusion, the Rose model seemed to be able to predict the rate and amount 
of solute leaching rather well for this experiment. A slightly better estimation of the leaching 
pattern was found for the nitrate as opposed to the bromide. The model appeared better able to 
predict the pattern of leaching for nitrate as compared to bromide, particularly during the period 
of border dyke irrigation. For bromide, the model somewhat over-estimated the leaching losses 
at this time (Figure 5.2). The reasons for this difference could be the subject of further work in 
this area. However, it may be due to slight differences in the rates of diffusion of the two ions, 
as bromide diffuses slightly faster than does nitrate (Kemper, 1986). 
Other workers have also found success using the Rose Model. For example, Cameron and 
Wild (1982) reported considerable success in predicting leaching caused by both irrigation and 
natural winter rainfall in a British Chalk Soil which required a dispersivity value of only 3 cm. 
Similarly Rose et al. (1982b) obtained good agreement between predicted and measured 15N03 
leaching patterns from large undisturbed monolith lysimeters during a fIrst winter period using a 
dispersivity value of 12 cm. Over the following summer and winter, however, they found that 
the prediction was not so successful. This they attributed to both diffusion between mobile and 
immobile water and to preferential flow through fissures in the bedrock at the base of the 
lysimeters. 
5.2.2 BURNS MODEL 
A multi-compartment computer simulation model was presented by Burns (1974), in order 
to predict the redistribution of non-adsorbed anions in a fallow freely drained soil under field 
conditions. 
In this model, the soil profile is divided arbitrarily into layers, each of which is 
characterised by its own field capacity (8fe) and evaporation limit (8e) water content. The initial 
water content (8m) and anion content of each layer are subsequently modified by an addition of 
rainfall or irrigation (R). The equivalent depth of net water applied (Wi)is calculated for each 
time period as: 
W· = R - E 
1 ' 
where E = evapotranspiration. 
Addiscott et al., 1991, described Burns' model as a vertical series of stirred 'containers' 
(Figure 5.3), each of which overflows into the one below. An assumption of the model is that 
water applied to the top 'container' mixes instantaneously with the water and anions already 
present, before an equivalent volume is displaced and overflow into the next 'container'. 
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The model also allows for evapotranspirative losses from the soil, but 
it does not account for the mobile and immobile fractions of the water and solute. 
When the moisture content of the top soil layer exceeds Sfc (after net water application, 
Wi)' drainage of the excess water and associated solute occurs into the underlying layer. The 
amount of drainage (<41) may be expressed as: 
<41 = Wi + M - F, where M = the initial water content (mm) and F = field capacity water 
content (mm) for each layer. 
The resulting moisture content of the surface layer then becomes equal to Sfc' with the 
fraction of total water (z) temporarily held in the soil layer given by: 
z = 
Similarly, the amount of anion leached (B) may be given as: 
B = (A + T)z 
where A = the amount of anion in each layer, T = amount of anion added. 
(5.3) 
Calculations are performed by the model for each soil layer in turn. The output from one layer 
becomes the input for the next layer and this is repeated for each layer down the soil profile 
until the model predicts that downward drainage has ended. 
The main inputs which are required for the model are: 
(i) the bulk density of each successive layer; 
(ii) the amount of solute initially present in each layer of the soil; 
(iii) the moisture content of each soil layer at field capacity (Sfc) and at the 
evaporation limit (Se); 
(iv) the cumulative (weekly) amounts of total rainfall and evapotranspiration; and 
(v) the moisture content of each soil layer at the start of the experiment (Sm)' 
The values for dry bulk density were taken to be equal to those measured in the non-
subsoiled lysimeters at the end of the experiment (Section 4.2.4.2). 
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Figure 5.3 Pictorial representation of the processes involved 
in the Burns model (Addiscott et al., 1991). 
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A sensitivity analysis was carried out in order to detennine the effect of varying the initial 
distribution of solute in the soil profile. The solute was distributed between the top two layers 
of soil (Le. within the top 10 cm). Figure 5.4 shows the effect upon the simulation where a total 
of 500 kg N ha-1 was divided in three different ways between these top two layers of soil i.e. (i) 
250 kg N ha-1 in both layers, or (ii) 450 kg N ha-1 in the top layer, with 50 kg N ha-1 in the 
next layer, or (iii) 500 kg N ha-1 in the top layer only. It is clearly apparent that there is very 
little difference found between each of these simulations. Consequently for any further 
simulations it was decided to use the second of these options, having 450 kg N ha-1 present in 
the top layer and 50 kg N ha-1 present in the second layer at the start of the experiment. 
Similarly, for simulations of bromide movement, where a total of 30 kg Br ha-1 was added, the 
distribution was chosen (following a further sensitivity analysis) to be 20 kg Br ha-1 in the top 
layer with 10 kg Br ha-1 in the second layer at the start of the experiment. 
The values for efc were taken from water release data for the Templeton soil (Appendix 
4.3). Again a sensitivity analysis was carried out taking two different estimates for efc i.e. 
assuming efc occurred either at ""10 kPa (e = 0.20) or at -5 kPa (e = 0.31) suction. The results 
from part of this sensitivity analysis are presented in Figure 5.5. Changing the value of efc 
made very little difference to the outcome of the simulation. In all subsequent simulations the -
10 kPa value was used for efc' 
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Figure 5.4 The effect of changing the distribution of the solute in the soil at the start of the 
simulation upon the prediction of the Burns model. 
100 
90 
80 
70 
% 60 
Recovery 
50 
40 
30 
20 
10 
0 
0 30 60 90 120 150 180 210 240 270 300 330 360 
Time (days) 
Burns Model Prediction (FC=O.31) 
Burns Model Prediction (FC=O.20) 
Figure 5.5 The effect of using different estimations for field capacity upon the prediction 
given by the Burns model. 
The value of 8., was assumed to be the moisture content at wilting point (-1500 kPa), 
which was determined for each layer from the water release data for the Templeton soil 
(Appendix 4.3). 
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The moisture content at the start of the experiment (8m) was assumed to be equal to the 
value of 8fc ' since in the current experiment the starting conditions were close to field capacity. 
The model allows for prediction of the drainage from the lysimeters as well as for solute 
movement. 
The amount and pattern of drainage predicted from the lysimeters are shown in Figure S.C 
Although the model gives a reasonable prediction of the total amount of end of year drainage tt 
pattern of drainage throughout the year is considerably different from that observed. The 
cumulative drainage which the Burns model predicts flI'Suy under-estimates the amount of 
drainage over the first half of the experiment and later slightly over-estimates the total amount 
of drainage over the whole year of the experiment. 
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Figure 5.6 The amount and pattern of drainage predicted to have drained from the lysimeter 
by the Burns model; versus the actual amount of drainage measured from the. 
non-subsoiled lysimeters. 
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Figure 5.7 The observed amount and pattern of 15N03- which leached from the lysimeters 
versus the predicted amounts, estimated using the Burns model. 
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Figure 5.8 The observed amount and pattern of Bromide which leached from the lysimeters 
versus the predicted amounts, estimated using the Burns model. 
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Figure 5.7 shows that the amount and pattern of 15N03 leached from the lysimeters is 
considerably different to that observed. The model does not account for N transformations or 
plant uptake, so it is probably best·to·compare the predictions against the percentage of the total 
amount of N recovered in the leachate. However, expressing the amount recovered as either a 
percentage of that applied or as a percentage of the total amount recovered in the leachate 
(Figure 5.7) made no difference to the reliability of the estimation. 
Similarly for bromide (Figure 5.8), the model was unable to predict either the pattern or 
amount of bromide which leached from the lysimeters in the current experiment. 
Poor prediction by the model probably occurred due to the conditions of this experiment 
breaking the two main assumptions of the model (i.e. (i) that prior to leaching into the next 
layer, complete solute equilibrium occurs and (ii) that all water is held, even temporarily by one 
soil layer prior to its movement into the next layer. Similar difficulties have been reported by 
others (e.g. Cameron and Wild, 1982). These two major assumptions of the model therefore 
appear to severely limit its application. 
5.2.3 BARRACLOUGH MODEL 
The model LONFAS2 is a slightly modified version of the model described by 
Barraclough (1989a). It is a simulation programme for the leaching of nitrate (or any non-
adsorbed ion) through a soil profile. The model simulates the vertical movement of nitrate 
through the soil profile by dividing the profile into a series of layers. Conventional convective-
dispersive flow, preferential flow (where water and solute moving in the larger water-filled pores 
does not equilibrate with that in the smaller pores) and by-pass flow (where water plus any 
solute which it contains moves rapidly through cracks and fissures without displacing the soil 
water) are all accommodated in the model. This is unlike both the Rose and Burns' models 
reported earlier, where no account was taken of the mobile and immobile fractions of water 
present in the soil. 
The rainfall intensity and the hydraulic conductivity of the water-filled pore space dictate 
the pattern of flow. Figure 5.9 shows a diagram of the processes included in the model. 
The inputs which the model requires are as follows: 
a) daily rainfall, rate of application and daily evapotranspiration values; 
b) data on soil physical parameters (see Table 5.3) 
c) the initial soil nitrate distribution down the soil profile. 
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For the purposes of simulating the current experiment using LONFAS2, daily rainfall, plus 
irrigation and evapotranspiration data from Section 4.2.1 were used in the model. 
Since the intention was to simulate the movement of 15N03- through the soil profile, the 
initial profile distribution of nitrate was assumed to be zero for all soil layers, as no 15N had 
been applied to the soil prior to the current experiment. A total of 500 kg 15N ha-1 was 
subsequently applied for initial simulations, the same amount as had been applied in the current 
experiment. 
A sensitivity analysis was performed for a range of parameter values (Table 5.3). 
However, the amount of nitrogen which the model predicted as being lost in the leachate greatly 
exceeded the amount which was actually measured in the non-subsoiled lysimeters (Figure 5.10). 
The outcome of the simulation was highly dependent upon the value of e, the fraction of 
mobile/immobile water present in the soil. 
It must however be recognised that the model does not allow for either soil N 
transformations or plant uptake. Further simulations were therefore performed using the value of 
the total amount of 15N recovered in the soil plus leachate at the end of the experiment as the 
amount which was applied to the soil surface. This was approximately equal to 140 kg 15N ha-1. 
Simulating the fate of this amount of 15N, an improved prediction was obtained with the model 
when compared to using 500 kg 15N ha-1 as the total input (Figures 5.10 versus 5.11a,b) 
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Figure 5.9 Diagram of the processes included in the LONFAS2 model (Barraclough, 1989a). 
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Figure 5.10 The predicted amounts of nitrogen leached from the lysimeters using 
the LONFAS2 model to determine the fate of an application of 500 kg N ha-1, versus 
the actual leaching losses measured. 
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The effects of border dyke irrigation inputs are clearly apparent in Figures 5.10, 5.11a and 
5.11 b, with a distinct change in the shape of the curve after the start of border dyke irrigation 
(day 146). 
Overall, with the input of 140 kg N ha-1, the model showed more promise in being able to 
predict the total amount of leaching losses of nitrogen. However, the pattern of loss was still 
not well simulated by the model (Figures 5.11a and 5.11b). The change to border dyke 
irrigation had a profound effect upon the shape of the curve. Prior to border dyke irrigation, the 
model tended to under-estimate the amount of N which is leached. 
Had more time been available, further work may have included splitting the data set into 
two separate parts, in order to analyze the following periods of the experiment (i) prior to and 
(ii) during and after border dyke irrigation. This may have provided an indication of how well 
the model performed under the two different water input regimes. 
Since the model prediction was found to be highly dependent upon the input values for e 
which were used, more accurate calculation of the e parameter may also have improved the 
model's performance. This may have been done by using the equation which was proposed by 
Marshall and Holmes (1979) to describe the permeability of an unsaturated material. 
Unfortunately the time available did not allow this. 
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Figure 5.11 a The predicted amounts of nitrogen leached from the lysimeters using 
the LONFAS2 model to determine the fate of an application of 140 kg N ha-l , versus 
the actual leaching losses measured. 
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Figure 5.11 b The predicted amounts of nitrogen leached from the lysimeters using 
the LONFAS2 model to determine the fate of an application of 140 kg N 00-1, versus 
the actual leaching losses measured. 
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Table 5.3 Soil physical parameter values used in testing the Barraclough model. 
Parameter description Source of value uspn T--...... ~1 _c --r ,<Uuv VJ. p<u 
SOIL SERIES - TEMPLETON 
PROFILE DEPTH - 105 cm 
HORIZON - 40cm 
DISCONTINUITY 
UPPER LOWER 
HORIZON HORIZON 
SATURATED Moisture release data for 0.47 0.58 
MOISTURE Templeton soil (Section 
CONTENT (ml ml-3) 4.1.2.1c) 
FIELD CAPACITY 0.30 0.43 
(ml m-3) 
SATURATED Mean results taken from a 
HYDRAULIC subsidiary experiment 
CONDUCTIVITY carried out at the trial site 528 1513 
(mm dol) 
MOBILE PORE A range of values used for e.g. 0.05 0.05 
VOLUME, e (ml ml-3) a sensitivity analysis taken 0.10 0.10 
from Barraclough (1989a) 0.15 0.15 
and Cameron (1981) 0.20 0.20 
0.25 0.25 
MASS TRANSFER Barraclough (1989a) Range of Range of 
COEFFICIENT (a) Iterative procedure showed values values 
(cm dol) (for exchange that where a = 0.05000 e.g. e.g. 0.05000 
between mobile and there was rapid 0.05000 0.00500 
immobile pore space) equilibration; a = 0.00005 0.00500 0.00050 
there was virtually no 0.00050 0.00005 
exchange. 0.00005 
DIFFUSION Barraclough (1989a) 0.08640 0.08640 
COEFFICIENT (cm2 dol) 
COEFFICIENT OF Barraclough (1989a) 27.70 27.70 
HYDRODYNAMIC 
DISPERSION (cm2 dol) 
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Barraclough (1989b) tested his model using the results from a long term field experiment. 
Fitting the model to the field observations made in the first year of the experiment, he found that 
the model predicted leaching losses well in subsequent years when the same parameter values 
were used. In the current experiment, however, this was not possible since the experiment was 
only of one year's duration. Barraclough (1989b) also reported that the model was a poor 
predictor of both pattern and quantity of nitrate leached when used with laboratory-derived 
parameters, generated by fitting eluent profiles from pulse inputs of solute to undisturbed cores 
in the laboratory. 
Conclusions: 
1. The full N cycle model of Hutson and Wagenet (1989) was difficult to run due to the 
requirement of a large number of parameter values. Predictions from the model using 
experimentally derived values and appropriate values from the literature were considered to 
be poor. 
2. The Rose (Rose et al. 1982a) leaching model gave good predictions of the amount and 
pattern of 15N03 leaching once an appropriate value for dispersivity was used. The value 
of dispersivity which gave the best for predictions was in the range between 15-20 cm 
which compared favourably with values obtained from other large lysimeter experiments 
reported in the literature. 
3. The Burns (1974) leaching model gave poor predictions of the amount and pattern of 
15N03 leaching due to the restrictive assumptions of the model. 
4. The Barraclough (1989a) model produced reasonable predictions of the total amounts of 
15N03 leached. However, the pattern of leaching was less accurate. 
CHAPTER SIX: GENERAL CONCLUSIONS 
AND SUGGESTIONS FOR FUTURE WORK 
The main conclusions which can be drawn from this project are as follows: 
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(i) A large proportion of urine nitrogen applied to a pasture soil was recovered by the 
pasture during the first year following a urination event (approximately 40% of the applied N). 
Between 20 to 25% of the applied nitrogen remained in the soil at the end of one year, and 
between 8-16% of the applied N was leached over the same period. The remainder of the 
nitrogen was lost to the atmosphere, mainly via the process of denitrification. 
(ii) The act of subsoiling a Templeton silt loam soil influenced the fate of nitrogen under 
an animal urine patch. Where the soil had been subs oiled (SS), greater leaching losses occurred 
compared to the non-subsoiled (NS) pasture (SS = ~6% and NS = 8% of the applied nitrogen). 
Subsoiling, however, resulted in a reduction in the amount of nitrogen which was lost to the 
atmosphere (SS = 19% ; NS = 28%). This may be partly attributed to the subsoiling operation 
having increased the soil aeration, thereby reducing the likelihood for denitrification to occur. 
At the end of one year, a significantly higher amount of applied nitrogen was recovered from the 
soil which had been subsoiled. This was presumably due to increased microbial activity in the 
soil as a result of greater soil aeration. 
(iii) Subsoiling a Templeton silt loam pasture soil resulted in no significant effect upon 
either the dry matter yield of the pasture as a whole, or upon the recovery of nitrogen by the 
pasture plants. Approximately 40% of the applied nitrogen was recovered by the pasture on 
both treatments over the year of the experiment. 
(iv) The LEACHN model (Hutson and Wagenet, 1989) gave a reasonable prediction of the 
amount of N03 - leached over the year of the experiment, but the model was considered to 
require too many parameter inputs (approximately 110 inputs) for use on a regular basis. The 
Burns model (Burns, 1974) gave poor predictions of the amount and pattern of leaching. The 
Rose model (Rose et ai., 1982) gave accurate predictions of the amount and pattern of leaching 
over the year. The Barraclough model (Barraclough, 1989a) gave a reasonably accurate 
prediction of the amount of N03 - leached, but not the pattern of leaching over the year of the 
experiment. 
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Suggestions for future work: 
(i) The process of denitrification requires further investigation, as the conclusions from 
this project highlight the important role which denitrification plays in a grazed pasture soil. 
Research should be aimed at quantifying how much of the nitrogen is lost as either dinitrogen 
gas or nitrous oxide, and at trying to find ways in which to minimise these losses (e.g., using 
different aeration and drainage techniques). 
(ii) The fate of nitrogen following land applications of fertilisers or nitrogenous wastes 
should be further investigated to determine the amounts of nitrogen lost under different 
management systems and water regimes. 
(iii) Further information is required on the mechanisms involved in the leaching process, 
and in particular the important role which is played by the macropore channels in the soil. 
(iv) Further testing of the Barraclough and Rose models would be worthwhile to determine 
their universal application. 
(v) Detailed experiments of a similar nature to the current project should also be carried 
out on a number of different soil types subjected to a range of water and nitrogen inputs, as well 
as different cultivation or management techniques. This would allow for construction of a 
detailed data base, thus enabling estimates of losses of nitrogen from a particular soil under 
particular conditions to be made with a reasonable degree of accuracy. 
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Addendum 
A calculated estimate of the percentage of nitrogen fixed by the clover plants at each harvest is 
presented in the following table. The calculations were performed using the method described by 
Ledgard et ai., 1985, where: 
% N fixed = 1 - (atom % lsN excess in clover / atom % lsN excess in grass) 
I % Nitrogen Fixed by Clover at Each Harvest 
Treatment Aug Sept Oct Nov Jan Feb Apr Jun Jul 
SS 46.1 51.6 64.2 81.5 87.1 74.0 03.7 81.1 77.4 
NS 44.1 52.5 64.3 77.1 82.2 87.0 48.9 82.7 82.6 
where SS = Subsoiled and NS = Non-subsoiled. 
APPENDICES 
Appendix 3.1 
Templeton soil profile description at the trial site. 
Ap 0-7 cm 
Ah27-27 cm 
AB 27-36 cm 
Bw 36-48 cm 
2BC 48-91 cm 
2.5Y 3/1 brownish black; slightly sticky; fine sandy loam; 
slightly plastic; finn. Moderately developed, medium 
nutty and moderate fine nutty. Boundary indistinct. 
10YR 4/2; greyish yellow brown; strongly developed; 
fine nutty structure; friable; slightly sticky; fine sandy 
loam. Boundary distinct. 
2.5Y 6/4 and also lOYR 4/2 (50% : 50% greyish yellow 
brown colour and dull yellow); common 2-5 mm pores; 
worm mixing; strongly developed medium and fine 
nutty; fine sandy loam. Boundary indistinct. 
2.5Y 6/4 dull yellow (75%) and lOYR 3/1 brownish 
black (25%); moderate medium blocky structure; firm; 
macropores; sandy loam. Boundary diffuse. 
2.5Y 5/6 yellowish brown; very friable; loamy sand; 
Few fine indistinct 7.5YR bright brown 5/6 mottles; 
Very few indistinct lOYR 7/1 mottles; light grey towards 
depth (unweathered sand). Single grain - not structured. 
Boundary distinct. 
3BC1b 91-95 cm 7.5YR 5/4 (dull brown) friable; loamy sand. Boundary 
distinct. 
3BC2b 95-102 cm Weakly developed fine blocky structure; very friable; 
2.SY 4/4 olive brown; loamy sand. Boundary indistinct. 
3Cg 102-120 cm 2.5Y 4/3 olive brown; loose; single grain; sand. 
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Appendix 3.2 Total amounts of water inputs and evapotranspirative losses over the duration 
of the experiment. (Units are in mm) 
WEEKS OF Natural Evapotranspiration Simulated Border Dyke 
EXPERIMENT Rainfall (Priestley-Taylor) Rainfall Irriigation 
1 12.300 5.200 - -
2 0.200 5.500 - -
3 1.300 5.900 30.000 -
4 6.000 5.800 - -
5 50.400 6.200 - -
6 29.900 4.600 - -
7 52.200 7.700 - -
8 9.600 11.000 - -
9 19.400 9.700 - -
10 1.200 15.700 - -
11 1.900 14.700 16.000 -
12 16.000 18.200 16.000 -
13 0.000 2.800 40.000 -
14 13.600 13.100 - -
15 0.400 23.000 40.000 -
16 5.000 24.700 40.000 -
17 0.600 23.500 - -
18 9.200 28.000 - -
19 26.600 19.300 - -
20 2.800 21.200 - -
21 9.400 29.100 - 100.000 
22 0.000 30.200 - -
23 20.000 36.100 - -
24 9.200 28.500 - 100.000 
25 24.800 31.900 - -
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Continued 
26 3.600 32.900 - -
27 2.800 32.300 - 100.000 
28 5.400 23.300 - -
29 27.800 19.100 - -
30 1.500 30.700 - 100.000 
31 6.400 22.200 - -
32 50.000 15.600 - -
33 11.600 20.500 - 100.000 
34 0.000 19.900 - -
35 0.000 24.000 - -
36 1.400 19.000 - 100.000 
37 3.600 15.100 - -
38 42.800 16.600 - -
39 45.800 14.000 - -
40 3.000 12.000 - 100.000 
41 21.000 9.000 - -
42 18.800 7.400 - -
43 4.400 7.400 - -
44 2.800 8.400 - -
45 0.200 8.000 - -
46 6.000 5.300 - -
47 7.400 5.300 - -
48 10.800 3.300 - -
49 24.600 4.500 - -
50 43.700 3.900 - -
51 20.200 3.800 - -
52 00400 4.700 - -
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Appendix 3.3 Diary of events. 
DATE DAY EVENT 
NUMBER 
11/07/90 0 S tart of experiment: Urine application 
29/08/90 49 First pasture harvest 
30/09/90 81 Second pasture harvest 
29/10/90 110 Third pasture harvest 
30/11/90 142 Fourth pasture harvest 
04/12/90 146 First border dyke irrigation 
26/12/90 168 Second border dyke irrigation 
16/01/91 189 Fifth pasture harvest 
17/01/91 190 Third border dyke irrigation 
05/02/91 209 Fourth border dyke irrigation 
26/02/91 230 Sixth pasture harvest 
27/02/91 231 Fifth border dyke irrigation 
20/03/91 252 Sixth border dyke irrigation 
01/04/91 264 Seventh pasture harvest 
13/04/91 276 Seventh/final border dyke irrigation 
02/06/91 326 Eighth pasture harvest 
11/17/91 365 Final pasture harvest: End of experiment 
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Appendix 4.1 Soil particle size distribution at the trial site 
Depth (cm) Mean % Sand Mean % Silt Mean % Clay Texture'" 
(± s.e.)'" (± s.e.)'" (± s.e)'" 
0- 15 49.15 (±1.18) 24.52 (±1.18) 27.00 (±0.85) Silt loam 
15 - 30 50.86 (±3.43) 22.97 (±2.01) 26.16 (±1.57) Silt loam 
30 - 45 53.43 (±1.71) 22.67 (±0.97) 23.91 (±0.74) Silt loam 
45 - 60 63.51 (±2.97) 18.89 (±2.63) 20.14 (±2.35) Sandy loam 
60 - 75 78.78 (±3.60) 13.29 (±3.17) 12.27 (±3.30) Sandy loam 
75 - 90 72.52 (±3.46) 15.83 (±3.35) 11.57 (±O.72) Sandy loam 
90 - 105 79.04 (±5.24) 12.79 (±3.49) 8.17 (±1.77) Loamy sand 
105 - 120 80.23 (±6.87) 12.76 (±1.28) 15.23 (±0.68) Sandy loam 
'" ISSS Particle Size Classification Scheme 
Appendix 4.2 Dry bulk density at the trial site. 
Depth (cm) Non-subsoiled (± s.e.) Subsoiled Subsoiled 
[Mid-tine] [Tine zone] 
(± s.e.) (± s.e.) 
0-5 1.418 ± 0.028 1.590 ± 0.047 1.479 ± 0.051 
5 - 10 1.203 ± 0.049 1.336 ± 0.046 1.099 ± 0.065 
10 - 15 1.288 ± 0.051 1.256 ± 0.082 1.180 ± 0.044 
15 - 20 1.425 ± 0.064 1.306 ± 0.030 1.297 ± 0.036 
20 - 25 1.278 ± 0.050 1.339 ± 0.035 1.180 ± 0.039 
25 - 30 1.453 ± 0.049 1.377 ± 0.075 1.170 ± 0.074 
30 - 35 1.523 ± 0.074 1.387 ± 0.049 1.162 ± 0.039 
35 - 40 1.685 ± 0.062 1.618 ± 0.094 1.325 ± 0.058 
40 - 45 1.610 ± 0.083 1.594 ± 0.037 1.618 ± 0.078 
45 - 50 1.711 ± 0.035 1.668 ± 0.101 1.695 ± 0.174 
Appendix 4.3 
SOIL MOISTURE RELEASE CHARACTERISTIC DATA FOR TEMPLETON SILT LOAM SOIL AT THE TRIAL SITE. 
Volumetric water content (± s.e.) 
a) NON-SUBSOILED 
MA1RIe P01ENTIAL (kPa) 
SOIL DEPTII 0 1 2 3 5 10 30 100 300 
0- 25 em 0.467 0.409 0.390 0.379 0.348 0.312 0.299 0.278 0.237 
(0.011) (0.009) (0.014) (0.015) (0.017) (0.017> (0.013) (0.014) (0.013) 
25 - 45 em 0.423 0.351 0.342 0.332 0.311 0.273 0.287 0.231 0.185 
(0.015) (0.008) (0.005) (0.007) (0.005) (0.013) (0.010) (0.009) (0.007) 
45 - 60 em 0.583 0.545 0.523 0.510 0.485 0.453 0.260 0.181 0.125 
(0.016) (0.015) (0.014) (0.014) (0.016) (0.020) (0.024) (0.012) (0.009) 
60 - 80 em 0.585 0.551 0.539 0.526 0.505 0.465 0.269 0.163 0.112 
(0.018) (0.017) (0.016) (0.017) (0.020) (0.025) (0.025) (0.016) (0.011) 
80 - 100 em 0.583 0.550 0.535 0.514 0.451 0.397 0.239 0.139 0.095 
(0.013) (0.010) (0.011) (0.017) (0.054) (0.063) (0.050) (0.025) (0.015) 
100 - 120 em 0.562 0.539 0.510 0.456 0.279 0.150 0.073 0.059 0.051 
(0.009) (0.008) (0.009) (0.018) (0.022) (0.005) (0.012) (0.013) (0.012) 
1500 
0.192 
(0.018) 
0.150 
(0.018) 
0.115 
(0.013) 
0.094 
(0.015) 
0.070 
(0.012) 
0.047 
(0.014) 
I 
i 
I 
N 
.r::. 
o 
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Appendix 4.3 continued 
b) SUBSOn..ED (tine zone) 
Volumetric water content (± s.e.) 
MA TRIC POTENTIAL (kPa) 
SOn.. 0 1 2 3 5 10 
DEPTH 
0- 25 em 0.455 0.382 0.349 0.327 0.324 . 0.303 
(0.008) (0.015) (0.018) (0.013) (0.011) (0.012) 
25 - 45 em 0.434 0.356 0.328 0.308 0.291 0.249 
(0.010) (0.010) (0.010) (0.008) (0.010) (0.008) 
45 - 60 em 0.430 0.370 0.337 0.312 0.277 0.211 
(0.009) (0.013) (0.012) (0.011) (0.019) (0.012) 
c) SUBSOn..ED (mid-tine zone) 
Volumetric water· content (± s.e.) 
MA TRIC POTENTIAL (kPa) 
SOIL DEPTH 0 1 2 3 5 10 
0- 25 em 0.458 0.377 0.347 0.329 0.320 0.302 
(0.031) (0.021) (0.023) (0.016) (0.017) (0.018) 
25 - 45 em 0.415 0.358 0.331 0.309 0.293 0.253 
(0.021) (0.019) (0.016) (0.015) (0.015) (0.014 
45 - 60 em 0.415 0.373 0.333 0.316 0.293 0.206 
(0.023) (0.020) (0.022) (0.023) (0.022) (0.024) 
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Appendix 4.4a Soil penetration resistance data for the trial site. 
SOIL DEPTH 
(mm) 
15 
30 
45 
60 
75 
90 
105 
120 
135 
150 
165 
180 
195 
210 
225 
240 
255 
270 
285 
300 
315 
330 
345 
360 
375 
390 
405 
420 
435 
450 
n.s. = not significant 
* = p < 0.10 
*** = p < 0.01 
SUB SOILED 
[tine zone] 
(kPa) 
557.7 
827.9 
862.8 
819.3 
741.0 
652.9 
620.4 
626.6 
626.8 
626.4 
596.3 
576.3 
515.4 
498.1 
433.8 
402.6 
374.3 
345.8 
308.4 
314.8 
305.0 
282.9 
278.3 
276.7 
253.9 
260.7 
294.8 
362.3 
588.7 
1124.6 
SUBSOILED NON· 
[mid tine] SUBSOILED 
(kPa) (kPa) 
567.1 446.7 
856.9 871.7 
987.4 1072.7 
977.5 1062.4 
917.9 1045.2 
908.5 1038.2 
910.7 1062.0 
908.2 1046.3 
930.5 1094.5 
958.3 1134.1 
983.3 1174.8 
1010.4 1248.6 
1034.1 1341.6 
1086.4 1466.8 
1165.1 1748.3 
1382.9 1914.6 
1631.7 1995.8 
1768.2 2100.5 
1920.5 2163.4 
2014.9 2217.8 
2025.1 2270.9 
2023.5 2354.1 
2095.4 2537.8 
2240.2 2676.0 
2454.7 2911.1 
2717.6 3237.2 
3060.0 3473.2 
3419.5 3758.3 
3975.0 4011.7 
4252.6 4173.9 
Anova 
ns 
ns 
* 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
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Appendix 4.4b Gravimetric moisture contents and soil dry bulk densities measured at the same 
time as penetration resistance at the trial site. 
SUBSOILED (tine SUBSOILED (mid I NON -SUBSOILED I SOIL zone) (± s.e.) tine) (± s.e.) (± s.e.) 
DEPTH DRY BULK ORA VIMETRlC DRY BULK ORA VIMETRlC DRY BULK ORA VIMETRlC 
(cm) DENSITY (g MOISTURE DENSITY (g MOISTURE DENSITY (g MOISTURE 
em·3) CONTENT em·3) CONTENT em·3) CONTENT 
0-5 1.479 0.213 1.589 0.222 1.419 0.271 
(±O.051) (±O.047) (±O.276) 
5-10 1.099 0.234 1.336 0.236 1.203 0.266 
(±O.064) (±O.046) (±O.049) 
10-15 1.180 0.239 1.256 0.243 1.288 0.267 
(±O.044) (±O.082) (±O.051) 
15-20 1.297 0.211 1.306 0.242 1.425 0.265 
(±O.036) (±O.030) (±O.064) 
20-25 1.180 0.192 1.339 0.213 1.278 0.243 
(±O.039) (±O.035) (±O.050) 
25-30 1.170 0.197 1.377 0.197 1.453 0.238 
(±O.074) (±O.075) (±O.049) 
30-35 1.162 0.193 1.389 0.190 1.523 0.244 
(±O.039) (±O.049) (±O.074) 
35-40 1.325 0.177 1.618 0.169 1.686 0.210 
(±O.058) (±O.094) (±O.062) 
40-45 1.618 0.159 1.594 0.161 1.611 0.197 
(±O.078) (±O.037) (±O.080) 
Appendix 4.5 
Ranges for the MAF soil fertility 'quick test' (Cornforth, 1980). 
pH Mg K P S 
LOW < 5.7 0-4 0-4 o - 10 0-5 
MEDIU~1 4 - 10 4 - 8 10 - 20 5 - 15 
HIGH > 6.6 >10 >8 > 20 > 15 
244 
Appendix 4.6 Actual rainfall over the experimental period and the 100 year monthly average 
rainfall at Lincoln, Canterbury, New Zealand. 
DEPTH 
OF 
WATER 
(mm) 
ISO 
1 ... 0 
130 
120 
IIO 
100 
90 
80 
70 
60 
SO 
40 
30 
20 
10 
0 
NATURAL RAINFALL INPUTS AT LINCOLN 
~ Actual rainfall (II July 1990·11 July 1991) 
-+- Average monthly rainfall (1881·1990) 
J(;L AUG S E poe T NOV DEC JAN FEB MAR APR MAY J U N J U L 
Appendix 4.7 Changes in soil matric potential at 100 em depth in the lysimeters over the year 
of the experiment 
Soil 
Matric 
Potential 
(kPa) 
O~-a--------------------------------------~ 
·2 
-+ 
-6 
-8 
-10 
-12 
-14 
0 
JUL 
30 60 90 
AUG SEP ocr 
III1111 
1234567 
Border dyke irrigation inputs 
120 150 180 210 240 270 300 330 360 
Time (davs) 
NOV DEC JAN FEB MAR APR MAY JUN JUL 
I-+- Subsoiled --0-- Non-subsoiled I 
Appendix 4.8 Drainage flow rates from four of the pairs of lysimeters. 
a) 
16~--------------------------------~ 
14 
12 
Drainage 10 
flow 
8 rates 
(litres/day) 6 
4 
2 
I~ SSII 5 6 7 .~ .'iSl 
Border dyke 
irrigation inputs 
1 2 3 4 
~ ~ 
3060 90120150180210240270300330360 
b) 16~--------------------------------~ 
14 
12 
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flow 
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" 
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1
-- SS3 1 
--<>- ~S~ 
~ ~ 
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1 2 3 4 
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c) 16~---------------------
14 
12 
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4 
2 
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d) 16.----------------------------------. 
14 
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flow 
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" 
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o~~~~~~~~~~~~~ 
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Appendix 4.9 
Cumulative amounts of drainage from each subsoiled lysimeter over 
the duration of the experiment (mm). 
TIME SSI SS2 SS3 SS5 SS6 SS Mean 
(days) (± s.e.) 
5 32 44 36 32 40 37 ± 2 
10 44 52 44 44 48 46 ± 1 
20 60 70 52 60 68 62 ± 3 
30 80 84 60 88 88 82 ± 6 
40 120 112 76 96 116 104 ± 8 
50 168 152 96 124 160 140 ± 13 
60 184 168 184 176 184 179 ± 3 
70 192 188 208 196 192 195 ± 3 
80 200 196 212 208 200 203 ± 3 
90 208 208 216 212 208 210 ± 2 
100 212 220 224 216 228 220 ± 3 
110 216 232 232 220 240 228 ± 4 
120 220 236 240 224 268 237 ± 8 
130 224 248 248 228 280 246 ± 10 
140 228 256 256 232 288 252 ± 11 
150 230 264 264 236 296 258 ± 12 
175 232 296 284 244 336 278 ± 19 
200 252 324 300 256 360 298 ± 21 
225 324 416 344 288 408 356 ± 25 
250 444 532 440 324 440 436 ± 33 
275 490 596 488 384 508 493 ± 34 
300 580 684 600 472 592 586 ± 34 
325 600 700 616 484 612 602 ± 35 
350 624 720 648 496 648 627 ± 36 
365 634 750 672 534 648 647 ± 37 
Appendix 4.9 continued 
Cumulative amounts of drainage from each non-subsoiled 
lysimeter over the duration of the experiment (mm). 
TIME NS1 NS2 NS3 NS5 NS6 NS Mean 
(days) (± s.e.) 
5 30 16 16 28 32 24± 3 
10 36 20 28 32 40 31 ± 3 
20 50 36 48 48 56 48 ± 3 
30 76 56 84 56 80 70± 6 
40 108 92 112 96 108 103 ± 4 
50 156 140 152 152 150 150 ± 3 
60 176 152 168 164 168 166 ± 4 
70 184 168 184 172 176 177 ± 3 
80 190 180 190 176 180 183 ± 3 
90 196 184 200 180 192 190 ± 4 
100 200 200 212 184 196 198 ± 5 
110 204 212 224 188 200 206 ± 6 
120 210 236 232 192 210 216 ± 8 
130 220 240 240 196 216 222 ± 8 
140 228 248 244 200 224 229 ± 8 
150 232 256 248 204 228 234 ± 9 
175 270 270 284 216 236 255 ± 13 
200 312 288 300 228 252 276 ± 16 
225 340 308 316 244 280 298 ± 17 
250 408 340 328 260 320 331 ± 34 
275 448 380 350 292 360 366 ± 25 
300 528 452 428 392 452 450 ± 22 
325 548 470 436 404 468 465 ± 24 
350 560 500 476 412 496 489 ± 24 
365 575 532 506 450 522 517 ± 20 
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Appendix 4.10 
Results of a sensitivity analysis for the parameters h, c and m of the logistic model. 
SENSITIVITY ANALYSIS fOR '8' ro~----~~~~==~~~~~~~--~~4&~ 
0.2 -•• -------- ••• -. ~3 
40 ••••••••••••••• 
30 ••••••••••••••• ..-- ••••••••••••••••• -.--. 
20 ••••••• - •• -. • •••••••••• - ••• -- ••••••••••• 
O~~~~~~~-r~~--~r-~~~ 
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9 .. 
10 
11 
Appendix 4.11 
TOTAL WATER BALANCE FOR WHOLE YEAR OF EXPERIMENT 
(for each lysimeter) 
LYSIMETER TOTAL INPUTS AND LOSSES (mm) 
NUMBER 
Wp Wi We ~s 
SSl 688 892 828 118 
SS2 688 892 828 2 
SS3 688 892 828 80 
SS5 688 892 828 218 
SS6 688 892 828 104 
249 
Wd 
634 
750 
672 
534 
648 
SS Mean (±s.e.) 688 892 828 104.7 (± 34.8) 647.6 (±34.8) 
NS1 688 892 828 177 575 
NS2 688 892 828 220 532 
NS3 688 892 828 246 506 
NS5 688 892 828 302 450 
NS6 688 892 828 230 522 
NS Mean (±s.e.) 688 892 828 235.4 (± 20.3)** 517.0 (±20.3)** 
Where ** = significant at p < 0.05; W p = inputs by precipitation; Wi = inputs by 
irrigation; We = amount of evapotranspiration; ~s = amount stored in lysimeter soil 
profile; W d = amount of drainage. 
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Appendix 4.12 
Pasture growth rates on the Lincoln University Research Fann (1990-91). 
50 
40 
:so 
AVERAGE 
10 
O~--__ --~--~--~~--~--~--__ --~---r--~--~---. 
.IULY OCT JAN 
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APR JULY 
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RESULTS OF STATISTICAL ANALYSES OF % N IN DRY MATTER OF GRASS COMPONENT. 
MONTH OF % N IN DRY MATTER STANDARD ANALYSIS OF VARIANCE -
HARVEST ERROR STATISTICAL SIGNIFICANCE 
SS 5.16 0.09 
AUGUST 
NS 5.10 
n.s. 
0.06 
SS 4.51 0.10 
SEPTEMBER 
NS 4.28 
n.s. 
0.11 
SS 3.20 0.17 
OcrOBER 
NS 3.04 0.11 
n.s. 
SS 2.26 0.22 
NOVEMBER n.s. 
NS 2.52 0.14 
SS 1.51 0.13 
JANUARY 
NS 1.67 
n.s. 
0.12 
SS 2.27 0.10 
FEBRUARY n.s. 
NS 2.29 0.08 
SS 2.834 0.07 P = 0.0026; 
APRIL 
NS 4.057 0.11 PLSD = 0.505 
SS 2.64 0.03 
JU1\c n.s. 
NS 2.62 0.04 
SS 2.08 0.06 
JULY n.s. 
NS 2.17 0.09 
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Appendix 4.13b 
RESULTS OF STATISTICAL ANALYSES OF % N IN DRY MATTER OF CLOVER COMPONENT. 
MONTH OF % N IN DRY MATTER STANDARD ANALYSIS OF VARIANCE -
HARVEST ERROR STATISTICAL SIGNIFICANCE 
SS 5.18 0.07 
AUGUST n.s. 
NS 5.19 0.09 
SS 5.06 0.07 
SEPTEMBER n.s. 
NS 5.19 0.15 
SS 4.35 0.10 
OCTOBER 
NS 4.38 0.08 
n.s. 
SS 3.61 0.10 
NOVEMBER 
NS 3.67 0.09 
n.s. 
SS 2.86 0.11 
JANUARY 
NS 2.84 0.16 
n.s. 
SS 3.64 0.18 
FEBRUARY n.s. 
NS 3.93 0.07 
SS 2.718 0.04 P = 0.0001; 
APRIL 
NS 4.404 0.09 PLSD = 0.545 
SS 4.03 0.04 
JUNE n.s. 
NS 4.16 0.04 
SS 3.40 0.31 
JULY n.s. 
NS 3.57 0.21 
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Appendix 4.14a 
RESULTS OF STATISTICAL ANALYSES.oF NITROGEN UPTAKE BY THE THE GRASS 
COMPO~'ENT OF THE PASTURE. 
MONTH OF TOTAL NITROGEN STANDARD ANAL YSIS OF VARIANCE -
HARVEST UPTAKE (g N In 0 2) ERROR STATISTICAL SIGNIFICANCE 
I 
SS 6.396 
I 
1.027 
AUGUST n.s. 
NS 6.069 0.638 
I 
SS 6.431 0.531 
SEPTEMBER 
NS 7.265 
n.s. 
0.382 
I 
SS 7.793 0.920 
OCTOBER 
NS 
n.s. 
7.739 0.514 
I 
SS 4.713 0.648 
I NOVEMBER NS 4.946 n.s. 0.359 
I 
SS 
I 
2.092 0.129 
I 
JANUARY n.s. 
NS 2.520 0.129 
SS 1.544 0.522 P = 0.0234; 
FEBRUARY 
NS 2.732** 0.397 PLSD = 0.924 
SS 2.178 0.241 P = 0.00703; 
APRIL 
NS 2.733*** 0.041 PLSD = 0.483 
SS 3.005* 0.275 P = 0.052; 
Jl)1';"E 
NS 2.470 0.218 PLSD = 0.416 
I 
SS 
I 
2.999 
I 
0.241 
I 
JULY 
NS 
n.s. 
3.016 0.387 
GRAl"lD 
I 
SS 
I 
37.149 
I 
3.957 
I n.s. TOTAL NS 39.491 1.439 
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Appendix 4.14b 
RESULTS OF STATISTICAL ANALYSES OF NITROGEN UPTAKE BY THE CLOVER 
COMPONENT OF THE PASTURE. 
MONTH OF TOT AL NITROGEN STANDARD ANALYSIS OF VARIANCE -
HARVEST UPT AKE (g N m -2) ERROR STATISTICAL SIGNIFICANCE 
SS 0.891 0.232 
AUGUST 
1.156 NS 0.469 
n.s. 
SS 1.122 0.387 
SEPTEMBER n.s. 
NS 1.679 0.660 
SS 1.671 0.553 
OCTOBER 
NS 2.076 0.862 
n.s. 
SS 1.767 0.577 
NOVEMBER 
NS 2.437 0.897 
nos. 
SS 1.697 0.160 
JANUARY 
NS 3.447 0.879 
n.s. 
SS 2.139 0.968 P = 0.0089; 
FEBRUARY 
NS 4.995*** 0.629 PLSD = 2.759 
SS 1.382 0.476 P = 0.0001; 
APRIL 
NS 4.322*** 0.467 PLSD = 0.875 
SS 1.160 0.361 
JUNE 
NS 1.733 0.377 
n.s. 
SS 0.642 0.237 P = 0.0269; 
JULY 
NS 1.544* 0.465 PLSD = 0.742 
GRAND SS 12.471 0.877 P = 0.0943; 
TOTAL NS 23.315* 5.121 PLSD = to.587 
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Appendix 4.14c 
RESULTS OF STATISTICAL ANALYSES OF TOTAL NITROGEN UPfAKE BY COMPLETE 
PASTURE SWARD. 
MONTH OF TOTAL NITROGEN STANDARD ANALYSIS OF VARIANCE -
HARVEST UPTAKE (gNm·2) ERROR STATISTICAL SIGNIFICANCE 
SS 7.287 0.864 
AUGUST 
NS 7.225 0.868 
n.s. 
SS 7.553 0.481 
SEPTEMBER 
NS 8.859 0.257 
n.s. 
SS 9.464 0.867 
OCTOBER 
NS 9.816 0.850 
n.s. 
SS 6.480 0.892 
NOVEMBER 
NS 7.383 
n.s. 
0.798 
SS 3.788 0.653 
JANUARY 
NS 5.968 
n.s. 
0.811 
SS 3.683 1.339 P = 0.0109; 
FEBRUARY 
NS 7.727** 0.79 PLSD = 2.502 
SS 3.560 0.331 P = 0.0004; 
APRIL 
NS 7.054*** 0.470 PLSD = 1.518 
SS 3.565 0.616 
JUNe n.s. 
NS 4.204 0.485 
SS 3.041 0.436 
JULY n.s. 
NS 4.570 0.607 
GRAl'ID SS 49.62 3.640 P = 0.0341; 
TOTAL NS 62.81 ** 4.199 PLSD = 11.575 
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Appendix 4.15a 
RESULTS OF STATISTICAL ANALYSES OF LABELLED 15N RECOVERY IN THE GRASS 
COMPONENT OF THE PASTURE. 
MONTH OF TOTAL 15N RECOVERY STANDARD ANAL YSIS OF VARIANCE -
HARVEST (g N m·2) ERROR STATISTICAL SIGNIFICANCE 
SS 4.283 0.704 
AUGUST 
NS 4.037 0.434 
n.s. 
SS 4.405 0.444 
SEPTEMBER 
NS 4.860 0.250 
n.s. 
SS 4.883 0.690 
OCTOBER 
NS 4.709 0.445 
n.s. 
SS 2.611 0.447 
NOVEMBER 
NS 2.673 0.139 
n.s. 
SS 0.845 0.532 
JANUARY 
NS 1.161 0.198 
n.s. 
SS 0.336 0.125 P = 0.0388; 
FEBRUARY· 
NS 0.723** 0.213 PLSD = 0.355 
SS 0.240** 0.03 P = 0.0178; 
APRIL 
NS 0.099 0.043 PLSD = 0.101 
SS 0.272 0.022 
JUNE 
NS 0.276 0.040 
n.s. 
SS 0.360 0.030 
JULY 
NS 0.445 0.067 
n.s. 
GRAND SS 18.237 2.308 
n.s. 
TOTAL NS 19.077 0.481 
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Appendix 4.1Sb 
RESULTS OF STATISTICAL ANALYSES OF LABELLED 15N RECOVERY IN THE CLOVER 
COMPONENT OF THE PASTURE. 
MONTH OF TOTAL 15N RECOVERY STANDARD ANAL YSIS OF VARIANCE -
HARVEST (g N m·2) ERROR STATISTICAL SIGNIFICANCE 
SS 0.315 0.079 
AUGUST 
NS 0,472 0.203 
n.s. 
SS 0.516 0.137 
SEPTE~mER 
NS 0.608 0.282 
n.s. 
SS 0.381 0.140 
OCTOBER 
NS 0.541 0.265 
n.s. 
SS 0.188 0.079 
NOVEMBER n.s. 
NS 0.397 0.193 
SS 0.088 0.035 
JANUARY 
NS 0.365 0.177 
n.s. 
SS 0.041 0.012 P = 0.0419; 
FEBRUARY 
NS 0.166** 0.052 PLSD = 0.118 
SS 0.201 0.070 
APRIL 
NS 0.089 0.034 
n.s. 
SS 0.020 0.005 
JUNE 
NS 0.037 
n.s. 
0.013 
SS 0.018 0.005 
JULY 
NS 0.042 0.018 
n.s. 
GRM"D SS 1.622 0.363 
n.s. 
TOTAL NS 2.717 1.177 
258 
Appendix 4.1Sc 
RESULTS OF STATISTICAL ANALYSES OF TOTAL 15N RECOVERY IN THE PASTURE. 
MONTH OF TOTAL 15N RECOVERY STANDARD ANALYSIS OF VARIANCE -
HARVEST (g N m-2) ERROR STATISTICAL SIGNIFICANCE 
SS 4.526 0.639 
AUGUST n.s. 
NS 4.510 0.517 
SS 4.775 0.381 
SEPTEMBER 
NS 5.559 
n.s. 
0.173 
SS 5.263 0.642 
OCTOBER n.s. 
NS 5.250 0.509 
SS 2.799 0.462 
NOVEMBER n.s. 
NS 2.988 0.166 
SS 0.933 0.249 
JANUARY n.s. 
NS 1.526 0.211 
SS 0.377 0.132 P = 0.0204; 
FEBRUARY 
NS 0.889** 0.243 PLSD = 0.382 
SS 0.422** 0.062 P = 0.0183; 
APRIL 
NS 0.188 0.035 PLSD = 0.183 
SS 0.272 0.022 
JUNE n.s. 
NS 0.313 0.048 
SS 0.378 0.029 
JULY 
NS 0.487 
n.s. 
0.072 
GRAND SS 19.859 2.152 
n.s. 
TOTAL NS 21.794 0.893 
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Appendix 4.16 
DA T A USED TO GENERATE GRAPHS OF NITRATE CON CENTRA TIONS vs 
DRAINAGE (Subsoiled lysimeters). 
DRAINAGE NITRATE CONCENTRATION (mg N r1) 
(mm) 
SSl SS2 SS3 SS5 SS6 SS Mean 
0 0.00 0.00 0.00 0.00 0.00 0.00 
30 4.13 3.68 3.05 2.69 1.53 3.02 ± 0.45 
60 2.40 3.62 3.01 0.79 2.79 2.52 ± 0.48 
90 4.05 3.73 1.25 2.21 3.24 2.90 ± 0.52 
120 5.91 7.52 1.85 0.92 3.21 3.88 ± 1.24 
150 22.26 27.76 9.23 4.95 3.79 13.60 ± 4.83 
180 52.24 34.01 22.60 18.33 13.36 28.11 ± 6.93 
210 60.39 56.81 27.38 31.45 42.01 43.61 ± 6.59 
240 51.00 71.90 55.37 38.49 83.15 59.98 ± 7.88 
270 38.00 101.94 73.45 27.91 105.00 69.26 ± 15.89 
300 26.20 80.80 37.51 1.16 114.80 52.69 ± 20.75 
330 20.00 44.86 7.20 0.98 75.00 20.61 ± 13.61 
360 23.00 20.80 2.35 0.35 23.00 13.90 ± 5.15 
390 22.20 18.00 2.10 0.37 4.60 9.45 ± 4.45 
420 23.50 16.00 2.85 0.51 0.58 8.69 ± 4.69 
450 19.00 12.42 2.75 0.43 0.56 7.03 ± 3.71 
480 20.00 14.33 3.87 0.33 0.50 7.81 ± 3.98 
510 18.00 13.45 2.60 0.09 0.52 6.93 ± 3.69 
540 18.20 10.61 3.51 0.21 0.80 6.67 ± 3.43 
570 12.80 9.47 3.06 - 1.28 6.65 ± 2.42 
600 8.80 7.00 2.10 - 1.41 4.82 ± 1.62 
630 3.80 7.60 0.96 - 0.92 3.32 ± 1.41 
660 - 6.16 0.90 - 1.03 2.70 ± 1.34 
690 - 4.70 0.80 - - -
720 - 2.37 - - - -
750 - 1.44 - - - -
Continued overleaf 
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Appendix 4.16 continued 
DATA USED TO GENERATE GRAPHS OF NITRATE CONCENTRATIONS vs 
DRAINAGE (Non-subsoiled lysimeters). 
DRAINAGE NITRATE CONCENTRATION (mg N rl) 
(mm) 
NSI NS2 NS3 NS5 NS6 NS Mean 
0 0.00 0.00 0.00 0.00 0.00 0.00 
30 2.48 0.18 0.46 1.63 2.69 1.49 ± 0.51 
60 3.05 0.38 2.19 2.19 1.70 1.90 ± 0.44 
90 4.31 0.82 6.01 2.20 1.37 2.94 ± 0.97 
120 20.78 8.38 8.21 9.17 2.14 9.74 ± 3.03 
150 35.70 17.78 11.91 19.65 6.45 18.30 ± 4.93 
180 71.82 25.47 19.83 14.32 5.75 27.44 ± 1.56 
210 80.00 37.87 26.00 16.28 12.70 34.57 ± 12.17 
240 39.20 63.80 37.00 9.80 14.27 32.81 ± 9.73 
270 13.00 73.14 22.50 1.61 3.47 22.74 ± 13.14 
300 3.01 47.16 7.40 1.37 2.10 12.21 ± 8.80 
330 1.50 9.46 5.64 1.44 1.50 3.91 ± 1.60 
360 1.02 3.41 4.27 1.17 1.83 2.34 ± 0.64 
390 1.01 1.13 4.10 0.91 1.35 1.70 ± 0.60 
420 0.83 1.00 4.20 0.26 1.58 1.57 ± 0.69 
450 0.89 0.65 3.07 0.44 1.45 1.30 ± 0.47 
480 0.56 0.66 2.32 0.40 0.46 0.88± 0.36 
510 0.48 0.44 1.61 - 0.73 0.55 ± 0.07 
540 0.20 0.37 - - 0.57 0.38 ± 0.08 
570 0.29 - - - - -
600 - - - - - -
630 - - - - - -
660 - - - - - -
690 - - - - - -
720 - - - - - -
750 - - - - - -
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Appendix 4.17 
DATA USED TO GENERATE GRAPHS SHOWING NITRATE CON CENTRA TION vs TIME 
NITRATE CONCENTRATION (rug N 1-1) IN EACH LYSIMETER: 
TIME SUBSOILED L YSlMETER Mean NON-SUBSOILED L YSlMETER Mean 
(days) NUMBERS (± s.e.) NUMBERS (± s.e.) 
SSI SS2 SS3 SS5 SS6 NSI NS2 NS3 NS5 NS6 
10 4 3 3 2.5 2 2.9±0.3 2.5 3 3 1.5 2 204±0.3 
20 3.5 3 3 1 3 2.7±Oo4 3 3 3 2.5 2 2.7±0.2 
30 4 3 2 2.5 4 3.1±004 4 1 5 2.5 2 2.9±0.7 
40 6 4 1 1 4 3.2±0.9 12 1 8 2.5 2 5.1±2.l 
50 29 28 24 10.5 7.5 19.8±4.5 46 13 13 19 6 19.4±6.9 
60 53 32 26 21 17.5 29.9±6.3 72 18 18 17.5 6 26.3±11.7 
70 56 39 27 26.5 27 35.1±5.7 73.5 22.5 21 14 7 27.6±11.8 
80 58 48 32 31 36 41.0±5.2 75 25 22.5 14.5 9 29.2±11.8 
90 60 57 37.5 32.5 48 47.0±5.3 77 30 24 15.2 11 3104±11.9 
100 ~58 62 45 33 75 54.6±7.2 78 34 26 1504 12.5 33.2±11.8 
110 57.5 67 52 34.5 89.5 60.1±9.0 80 43 30 15.6 14 36.5±12.1 
120 56 73 56 36 112 66.8±12.7 82 65 36 15.8 12.5 42.3±13.6 
130 55.5 82 61 37 113 69.7±12.9 71 67 35 16.0 11 40.0±12.5 
140 55 92.5 67 37.5 115 7304±13.7 58 68 32 16.2 10 36.8±11.4 
150 54 102 72 38 117 76.6±14.7 47 71 28 16.3 8 34.1±11.3 
160 53 92.5 71 36.5 94 6904±11.2 33 72 25 16.4 7 30.9±11.2 
170 52 83 61 34.5 60 58.1±7.8 18 66 22.5 16.5 5 25.6±10.5 
180 49 73 52.5 33 45 50.5±6.5 3 60 11 14 3 18.2±10.7 
190 45 59 42 32 31 41.8±5.l 2 53 10 12.5 2 15.9±9.5 
200 41 47.5 28 29.5 15 32.2±5.6 1.5 47 9 11.5 4 14.6±8.3 
220 23 16 6 22.5 2.5 14.0±4.2 1.5 27.5 8 7 3 904±4.7 
240 25 13 3 3 1 9.0±4.5 1 8 7 5 3 4.8±1.3 
260 21 9 5 3 1 7.8±3.6 1 4 6 2 3 3.2±0.9 
280 18 6 3 2 1 6.0±3.l 0.5 3 5 2 3 2.7±0.7 
300 11 5 2 1 2 4.2±1.8 0.5 2 4 1.5 2 2.0±0.6 
320 8 4 2 1 2 304±1.2 0.25 1 3 1.5 2 1.6±0.5 
340 6 3 2 1 1 2.6±0.9 0.25 1 2 1 1 1.l±0.3 
360 3 2 1 1 1 1.6±OA 0.2 1 1 1 1 0.8±O.2 
365 3 1 1 1 1 1.4±Oo4 0.2 1 1 1 1 0.8±0.2 
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DA TA SHOWING CONCENTRATIONS OF AMMONIUM vs DRAINAGE 
(Subsoiled Iysimeters) 
DRAINAGE NH/ (mg N 1-1) concentration 
(mm) 
SSl SS2 SS3 SS5 SS6 
30 0.05 0.05 0.55 0.10 0.05 
60 0.25 0.15 0.50 0.20 0.25 
90 0.20 0.15 0.40 0.10 0.10 
120 0.15 0.10 0.10 0.05 0.10 
150 0.15 0.10 0.05 0.05 0.10 
180 0.50 0.60 0.05 0.05 0.60 
210 4.50 2.00 0.30 3.00 1.00 
240 11.00 3.00 3.50 3.50 2.00 
270 4.00 3.00 4.00 4.00 2.00 
300 0.40 3.00 2.00 1.20 2.50 
330 2.00 3.00 2.00 0.75 6.00 
360 3.00 2.70 3.00 0.10 2.00 
390 0.10 1.00 0.20 0.20 1.00 
420 0.30 0.10 0.10 0.05 0.10 
450 1.00 0.40 0.10 0.10 0.10 
480 0.35 0.30 0.10 0.10 0.05 
510 0.10 0.05 0.60 0.00 0.00 
540 0.10 0.10 0.15 0.05 0.05 
570 0.10 0.10 0.10 - 1.00 
600 0.40 0.60 0.25 - 0.05 
630 0.60 0.30 0.10 - 0.20 
660 - 0.05 0.10 - 0.05 
690 - 0.40 0.25 - -
720 - 0.25 - - -
750 - 0.20 - - -
Contznued overleaf 
SS Mean 
0.2 ± 0.1 
0.3 ± 0.06 
0.2 ± 0.06 
0.1 ± 0.02 
0.09 ± 0.02 
0.40 ± 0.13 
2.2 ±0.7 
4.6 ± 1.6 
3.4 ± 0.4 
1.8 ± 0.5 
2.7 ± 0.9 
1.8 ± 0.6 
0.3 ± 0.2 
0.3 ± 0.1 
0.5 ± 0.2 
0.1 ± 0.06 
0.2 ± 0.1 
0.09 ± 0.02 
0.21 ± 0.1 
0.25 ± 0.07 
0.24 ± 0.11 
0.18 ± 0.08 
-
-
-
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Appendix 4.18 continued 
DATA SHOWING CONCENTRATIONS OF AMMONIUM vs DRAINAGE 
(Non-subsoiled Iysimeters) 
DRAINAGE NH4 + (mg N 101 ) concentration 
(mm) 
NS1 NS2 NS3 NS5 NS61 NS Mean 
30 0.30 0.10 0.45 0.55 0.25 0.33 ± 0.71 
60 0.20 0.10 0.20 0.80 0.40 0.34 ± 0.12 
90 0.20 0.05 0.10 0.20 0.15 0.14 ± 0.03 
120 0.20 0.05 0.05 0.10 0.05 0.09 ± 0.03 
150 0.30 0.10 0.10 0.10 0.05 0.13 ± 0.04 
180 0.75 0.50 0.10 1.15 0.10 0.52 ± 0.20 
210 6.00 0.50 0.50 3.00 1.00 2.2 ± 1.1 
240 5.00 1.00 1.00 1.00 1.50 1.9 ± 0.8 
270 3.00 1.00 1.00 0.25 0.30 1.2 ± 0.5 
300 1.00 0.50 0.20 3.50 0.20 1.2 ± 0.6 
330 1.00 0.10 0.10 0.00 0.00 0.24 ± 0.2 
360 0.25 0.25 0.20 0.05 0.05 0.16 ± 0.05 
390 0.10 0.05 0.00 0.05 0.00 0.04 ± 0.02 
420 0.10 0.05 0.10 0.00 0.10 0.07 ± 0.02 
450 0.10 0.10 0.10 0.10 0.05 0.09 ± 0.01 
480 0.30 0.10 0.05 0.10 0.10 0.13 ± 0.04 
510 0.05 0.05 0.01 - 0.05 0.04 ± 0.01 
540 0.05 0.10 - - 0.05 0.07 ± 0.01 
570 0.10 - - - - -
600 - - - - - -
630 - - - - - -
660 - - - - - -
690 - - - - - -
720 - - - - - -
750 - - - - - -
I 
I 
I 
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Appendix 4.19a 
THE AMOUNTS OF NITRA TE-N LEACHED FROM EACH L YSlMETER vs DRAINAGE 
mg N03-N / 30 mm drainage 
DRAINAGE SUBSOILED L YSlMETERS Mean NON·SUBSOILED L YSlMETERS Mean 
(mm) SSI I SS2 SS3 SS5 SS6 (±s.e.) NS1 NS2 NS3 NS5 NS6 (±s.e.) 
30 61.9 55.2 70.2 40.4 22.9 50.1±8.4 37.2 37.9 7.1 24.5 40.4 29.4±6.2 
60 36.0 54.3 45.2 11.9 41.9 37.S±7.1 45.8 6.6 32.9 32.9 25.5 2S.7±6.4 
90 60.8 59.7 11.7 33.2 48.6 42.8±9.2 64.7 11.4 90.2 33.0 21.9 44.2±14.5 
120 8S.7 112.8 27.2 13.8 48.2 58.1±18.6 311.7 126.0 123.2 137.6 38.5 I 47.4±44.7 
150 333.9 388.6 138.5 74.3 56.9 198.4±68.4 535.5 266.7 178.7 294.8 70.9 269.3±77.2 
180 783.6 510.2 385.4 274.9 200.4 430.9±102.5 1077.3 382.1 297.5 214.8 90.3 412.4±173.1 
210 905.9 852.2 383.5 471.8 630.2 648.7±102.4 1459.3 568.1 417.1 244.2 215.8 580.9±228.6 
240 720.2 1245.4 842.1 577.4 1247.3 926.5±137.1 470.4 1060.8 567.3 149.9 199.8 489.6±163.1 
270 624.2 1325.2 1101.8 418.7 1780.3 1050±244 203.7 1023.9 315.7 20.9 52.1 323.3±183.1 
300 311.9 1141.9 562.7 17.4 19SI.4 S03.1±347.S 46.7 707.4 160.1 20.6 29.4 192.8±131.1 
330 30S.9 717.S 10S.0 14.7 890.4 407.9±170.8 22.4 141.9 112.8 21.6 27.2 65.2±25.8 
360 431.7 325.9 35.3 5.4 208.7 201.4±82.0 13.3 51.2 42.7 17.6 32.9 31.5±7.2 
390 325.4 262.4 31.5 5.4 24.1 129.7±67.9 17.2 IS.l 73.8 13.7 16.2 27.8±11.5 
420 391.8 19.2 42.8 7.7 7.3 93.7±74.8 13.3 7.4 64.9 3.9 23.7 22.6±1l.l 
450 260.7 186.3 40.9 6.5 8.4 100.6±51.9 12.9 7.2 42.9 6.6 21.8 18.3±6.7 
480 317.9 214.9 58.1 4.9 7.5 120.6±62.4 7.0 9.9 41.7 - 6.9 13.4±7.2 
510 299.8 201.8 42.2 1.7 7.8 110.6±59.7 8.9 7.8 20.9 - 10.9 12.1±2.7 
540 269.9 159.2 52.7 3.4 12.8 99.6±S0.8 2.8 2.9 - - 8.6 4.8±1.5 
570 207.2 142.1 39.8 - 17.9 101.7±39.7 4.3 - - - - -
600 137.5 105.0 31.5 - 21.2 73.8±25.3 - - - - - -
630 80.3 121.4 14.4 - IS.4 58.6±23.1 - - - - - -
660 - SO.1 20.5 - - - - - - - -
690 70.5 - - - - - - - - - -
720 - 35.6 - - - - - - - -
750 - 21.6 - - - - - - - - - -
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Appendix 4.19b 
THE AMOUNTS OF AMMONIUM-N LEACHED FROM EACH LYSIMETER vs DRAINAGE 
mg NH/-N /30 mm drainage 
DRAL'IAGE SUBSOILED L YSIMETERS Mean NON-SUBSOILED LYSIMETERS Mean 
(mm) 
SSI SS2 SS3 SS5 SS6 
(±S.e.) NSI NS2 NS3 NS5 NS6 (±S.e.) 
30 O.S O.S S.3 1.5 O.S 2.4±1.5 4.5 1.5 6.S S.3 3.S 4.9±1.2 
60 3.S 2.3 7.5 3.0 3.8 4.0±0.9 3.0 1.5 3.0 12.0 6.0 5.1±1.9 
90 3.0 2.4 6.0 1.5 1.5 2.9±O.S 3.0 0.8 1.5 3.0 2.4 2.I±O.4 
120 2.3 1.5 1.5 0.8 1.5 1.5±O.2 3.0 0.8 O.S 1.5 0.9 1.4±O.4 
150 2.3 1.4 O.S 0.8 1.5 1.3±O.3 4.5 1.5 1.5 1.5 0.6 1.9±0.7 
180 7.5 9.0 O.S 0.8 9.0 5.4±1.9 11.3 7.5 1.5 17.3 1.5 7.W.O 
210 67.5 30.0 4.2 45.0 15.0 32.3±11.2 10S.0 7.5 8.0 45.0 16.0 36.9±19.0 
240 154.0 51.0 52.5 52.5 30.0 6S.0±21.9 60.0 16.0 15.0 17.0 21.0 ZS.S±8.6 
270 72.0 39.0 60.0 60.0 32.0 52.6±7.4 43.5 14.0 14.0 3.3 7.5 16.5±7.1 
300 4.S 42.0 30.0 IS.0 42.5 27.5±7.2 15.5 7.5 7.5 52.5 7.0 18.0±8.8 
330 30.S 43.2 30.0 11.3 90.0 40.9±13.3 17.0 1.5 2.0 0.0 0.0 4.1±3.2 
360 52.5 IS.0 45.0 1.6 30.0 29.4±9.2 3.3 3.8 2.0 O.S 0.9 2.I±O.6 
390 1.4 1.5 3.0 2.9 14.5 4.7±2.5 1.7 O.S 0.0 O.S 0.0 0.7±O.3 
420 4.7 6.0 1.5 0.8 6.3 3.8±1.1 1.6 0.9 1.3 0.0 1.5 l.l±O.3 
450 13.5 15.0 1.5 1.5 1.5 6.6±3.1 1.5 1.1 1.4 1.5 0.8 1.2±0.1 
480 5.3 0.8 1.5 1.5 0.8 1.9±0.8 3.8 1.5 0.9 · 1.5 1.6±0.6 
510 1.6 1.5 9.4 0.0 0.0 2.5±1.7 0.9 0.9 0.13 · O.S 0.7±O.2 
540 1.4 1.5 2.3 0.8 0.8 1.4±O.3 0.7 0.8 0.8 0.8±O.O2 
570 1.5 8.3 1.3 1.4 3.1±1.5 1.5 · · · 
600 6.0 4.5 3.8 · 0.8 3.8±O.9 · · · · 
630 10.8 0.9 1.45 4.0 4.3±2.0 · · · · 
660 · 5.2 1.8 · . · · . . · 
690 · 3.8 · . . · 
720 · 3.0 . · · · 
750 · 2.3 . · · 
tv 
0'\ 
0'\ 
Appendix 4.20 STATISTICAL RESULTS OF ANALYSIS OF VARIANCE ON THE VARIOUS COMPONENTS OF N LEACHED 
~ ~-- --_ ...... -
TREATMENT Drainage Equivalent Ratio of Pore Mineral N Leached (g N m-2) LABELLED TOTAL URINE 15N LEACHED 
(mm) Pore Volumes 15N NITROGEN (g N m-2) 
Volume Leached RECOVERED LEACHED 
As % of 15N (litres) NOrN NH4-N TOTALN (g N m-2) (g N m-2) As % of 
(N°3--N + total N applied 
NH4+-N) leached 
Subsoiled 648 144.80 2.19 11.74 0.62 12.35 7.961 11.605 70.10 15.87 
(Mean ± s.e.) ± 34.8 ± 2.59 ± 0.14 ± 2.41 ± 0.081 ± 2.46 ± 1.522 ± 2.331 ± 3.81 ± 3.03 
Non-subsoiled 517 159.70 1.62 5.532 0.27 5.80 4.160 5.656 68.56 8.29 
(Mean ± s.e.) ± 20.3 ± 7.87 ±0.15 ± 1.516 ± 0.088 ± 1.55 ± 1.305 ± 1.548 ± 5.11 ±2.60 
Analysis of p = 0.010; n.s. p = 0.031; P = 0.038; P = 0.008; p = 0.034; P = 0.070 P = 0.029 n.s. p = 0.070 
Variance PLSD = 79.06 PLSD = 0.49 PLSD = 5.63 PLSD = 0.32 PLSD = 5.76 PLSD = 3.29 PLSD =4.93 PLSD = 6.56 
PLSD = Fisher's protected least significant difference 
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DA TA USED TO GENERATE GRAPHS SHOWING AMOUNTS OF ISN RECOVERED 
I~ THE LEACHATE vs DRAINAGE (Subsoiled lysimeters) 
DRAINAGE SUBSOILED L YSIMETERS mg 15N m o 2 RECOVERED IN 
(mm) LEACHATE 
SSl SS2 SS3 SS5 SS6 SS Mean 
30 0.8 0 0.6 0 0.3 0.3 ± 0.1 
60 0.6 0.08 0.1 0.2 0.1 0.2 ± 0.1 
90 1.6 1.92 0.2 0.05 0.05 0.8 ± 0.4 
120 47.8 73.3 20.6 3.3 0.1 29.0 ± 13.9 
150 498.9 553.8 198.7 97.3 19.7 273.7 ± 107.3 
180 1288.1 801.9 662.2 481.3 290.9 704.9 ± 169.2 
210 1618.6 1475.4 657.6 887.3 1067.3 1141.2 ± 179.4 
240 1289.3 2167.3 1490.3 1020.3 2107.5 1614.9 ± 226.1 
270 1118.8 2209.8 1902.2 743.9 3100.4 1739.8 ± 360.1 
300 446.5 1791.0 981.3 24.7 1068.6 1268.8 ± 544.7 
330 396.3 1102.9 73.4 17.5 326.1 531.8 ± 235.3 
360 476.6 591.9 19.7 3.0 50.2 283.5 ± 118.9 
390 50.8 326.1 9.2 4.3 1.6 128.1 ± 67.0 
420 190.6 254.4 5.7 1.1 2.5 90.7 ± 54.8 
450 145.5 159.9 8.8 1.6 0.7 63.7 ± 36.4 
480 110.4 106.1 9.4 2.4 0.9 45.8 ± 25.5 
510 90.3 134.1 5.8 1.3 1.1 46.5 ± 27.7 
540 55.2 51.2 7.6 1.2 0.9 23.2 ± 12.3 
570 40.1 51.8 5.5 0 1.2 19.7 ± 10.9 
600 30.1 18.8 3.8 0 1.2 10.8 ± 5.9 
630 20.0 19.2 3.0 0 1.5 8.7 ± 4.5 
660 0 13.5 3.5 0 0 0 
690 0 14.8 0 0 0 0 
720 0 6.0 0 0 - 0 
750 0 4.1 0 - 0 -
Continued Overleaf 
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Appendix 4.21 continued 
DATA USED TO GENERATE GRAPHS SHOWING AMOUNTS OF lSN RECOVERED 
IN THE LEACHATE vs DRAINAGE (Non-subsoiled lysimeters) 
DRAINAGE NON-SUBSOILED LYSIMETERS mg 15N m-2 RECOVERED IN 
(mm) LEACHATE 
NS1 NS2 NS3 NS5 NS6 NS Mean 
30 0.6 0.4 0.4 0.3 0.2 0.4 ± 0.08 
60 2.0 0.3 18.0 0.2 0.2 4.1 ± 3.5 
90 32.7 9.2 125.5 18.9 1.2 37.5 ± 22.6 
120 471.7 195.2 166.9 195.3 28.7 211.6 ± 71.9 
150 60.1 455.3 284.9 502.7 80.9 436.8 ± 129.1 
180 1899.0 695.4 535.8 335.8 190.9 731.4 ± 304.3 
210 2598.8 998.6 732.5 437.2 311.0 1015.6 ± 
240 845.2 1781.0 978.3 160.5 305.2 814.1 ± 287.1 
270 250.8 1704.3 464.2 10.2 28.9 491.7 ± 314.3 
300 55.0 1081.5 153.2 3.6 7.3 260.1 ± 207.1 
330 13.5 178.0 75.3 10.9 2.6 56.0 ± 33.1 
360 4.3 54.5 26.5 10.2 1.9 19.5 ± 9.7 
390 4.3 12.2 90.3 6.0 0.7 22.7 ± 17.0 
420 2.5 2.3 90.3 1.5 1.1 19.5 ± 17.7 
450 2.2 3.7 48.0 1.4 1.1 11.3 ± 9.2 
480 1.6 5.3 48.2 - 0.7 11.2 ± 9.3 
510 2.8 3.2 24.9 - 1.0 6.4 ± 4.7 
540 1.5 1.3 - - 1.5 -
570 1.2 - - - - -
600 - - - - - -
630 - - - - - -
660 - - - - - -
690 - - - - - -
720 - - - - - -
750 - - - - - -
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Appendix 4.22 
DAT A USED TO GENERATE GRAPHS SHOWING TOTAL NITROGEN LEACHED vs 
DRAINAGE 
TOTAL NITROGEN LEACHED / 0.5 m2 
DRAINAGE SUBSOILED LYSIMETERS Mean (±s.e.) NON-SUBSOILED LYSIMETERS Mean 
(mm) SSI SS2 SS3 SS5 SS6 NSI NS2 NS3 NS5 NS6 
(±s.e.) 
30 62.4 59.1 41.9 21.3 44.3 4S.8±7.3 37.7 18.0 38.6 47.7 30.6 34.5±4.9 
60 35.6 40.1 33.8 23.4 35.3 33.6±2.8 42.8 15.3 38.4 37.9 21.8 31.2±S.4 
90 51.8 47.0 23.3 9.9 30.6 32.S±7.7 54.2 20.9 91.2 33.2 24.2 44.7±13.0 
120 8S.2 101.3 37.8 20.1 41.6 S7.2±IS.4 304.9 124.S 111.9 132.9 39.2 142.7±43.8 
150 334.9 361.8 137.9 72.8 41.9 189.8±66.7 516.6 271.5 175.9 300.0 60.6 264.9±75.6 
180 766.0 489.5 399.5 290.1 195.6 428.l±97.9 1090.9 413.3 316.1 206.6 129.2 431.2±171.8 
210 947.4 883.5 388.4 513.3 639.2 674.3±106.6 1516.7 587.3 445.9 261.9 215.2 6OS.4±237.3 
240 771.5 1269.9 861.5 595.7 1238.7 947.4±132.5 514.6 IOS5.7 580.1 87.6 200.6 487.7±169.S 
270 667.B 1322A 1081.2 435.9 1686.6 1038.8±223.9 201.6 1014.6 308.6 22.1 48.8 391.l±IBl.5 
300 315.5 1122.2 577.4 27.6 1949.7 798.S±339.6 47.9 666.2 155.7 15.0 29.4 182.8±123.3 
330 318.3 695.5 73.8 20.9 325.2 286.7±119.5 23.8 131.6 107.0 24.3 27.0 62.7±23.4 
360 477.6 329.0 38.9 19.4 204.8 213.9±87.0 16.5 52.2 44.2 27.5 35.2 35.1±6.2 
390 338.9 2SS.S 49.2 14.4 30.9 137.8±66.6 23.1 26.9 79.4 19.2 20.6 33.8±I1.S 
420 391.8 203.5 26.8 16.2 15.8 130.8±74.4 19.8 26.1 68.0 4.9 33.0 30.4±IO.S 
450 294.1 181.7 39.2 16.4 14.1 109.0=55.7 15.7 13.6 43.7 8A 24.9 21.3=6.2 
480 312.9 206.3 SS.S 10.1 15.3 120.1=S9.9 12.6 15.2 45.7 15.3 18.2=7.3 
510 288.2 191.9 33.8 10.1 16.S 108.1=S6.1 20.5 27.2 24.7 - 7.3 19.9=3.9 
540 265.7 159.9 49.8 13.3 24.5 102.6=48.4 14.7 8.0 - 10.7 11.1=1.5 
570 19S.1 136.5 37.4 21.4 97.6=36.9 13.0 - -
600 123.0 100.5 30.6 - 13.8 67.0=23.7 
630 71.3 118.2 16.9 21.2 S6.9=21.3 -
660 - 85.3 22.1 - - - -
690 68.1 - - -
720 27.S - - - -
750 27.3 - - -
270 
Appendix 4.23 
DATA USED TO GE~~RATE GRAPHS SHOWING TOTAL AMOUNTS OF 
NITROGEN RECOVERED IN THE LEACHATE vs TIME 
TOTAL NITROGEN (mg N / 0.5 m2) 
TIME SUBSOll...ED L YSIMETERS Mean (±S.e.) NON·SUBSOILED LYSlMETERS 
(days) SSI SS2 SS3 SSS SS6 NSI NS2 NS3 NSS NS6 
10 100 80 SO SO SO 66±10.3 SO 25 SO 80 25 
20 20 40 20 20 40 28±4.9 25 6S 25 10 25 
30 80 60 20 30 20 42±12.0 35 220 25 20 SO 
40 650 20 10 SO 70 160±122.9 95 195 60 40 75 
50 650 500 600 140 110 400±114.9 945 175 110 400 25 
60 320 290 180 260 195 249±26.9 870 195 250 80 50 
70 270 220 200 200 215 221±12.9 260 215 170 70 60 
80 220 370 170 130 200 218±40.9 240 220 40 60 80 
90 80 390 220 110 300 220±57.9 270 320 230 40 20 
100 40 410 160 110 640 272±111.1 260 870 130 30 70 
110 ISO 410 220 80 980 368±162.6 240 270 140 30 30 
120 30 410 240 70 1270 404±226.8 260 290 290 40 10 
130 110 540 280 130 490 310±89.1 ISO 250 270 30 30 
140 80 480 250 60 490 272±93.0 150 260 90 20 50 
150 60 380 280 90 550 272±91.4 160 140 30 20 30 
160 140 610 250 70 360 286±94.8 140 180 100 20 30 
170 110 450 120 80 170 186±67.6 110 130 40 40 40 
180 190 330 ISO 80 70 144±47.1 40 180 60 20 25 
190 190 160 130 SO 80 I 22±25.6 20 SO 160 20 35 
200 290 140 80 60 ISO 144±40.3 40 30 40 30 40 
210 340 490 70 70 55 20S±88.9 20 20 20 10 IS 
220 550 320 80 60 5 203±102.1 10 20 20 10 15 
230 910 190 30 20 20 234±172.1 10 30 10 10 30 
240 220 430 30 10 10 140±82.6 10 30 20 10 10 
250 110 140 70 5 10 6S±25.9 10 30 20 10 10 
260 290 160 60 10 10 106±53.4 IS 20 IS 10 10 
270 190 80 10 30 10 64±34.0 5 10 IS 5 10 
280 410 300 10 10 5 147±86.7 5 5 120 25 30 
290 110 40 10 5 10 35±19.7 5 5 IS 5 5 
300 50 10 10 5 5 16±8.6 5 5 15 5 5 
310 60 10 10 5 5 18±10.6 5 5 15 5 5 
320 20 5 10 5 5 9±2.9 5 5 15 5 5 
330 40 5 10 5 5 13±6.8 5 5 10 5 5 
340 20 5 10 5 S 9±2.9 5 5 10 5 5 
350 10 5 5 5 5 6±1.0 5 5 10 5 5 
360 10 10 5 5 5 7±1.2 5 5 10 5 10 
365 5 5 5 5 5 5±0 5 5 25 5 5 
Mean (±S.e.) 
46±10.2 
30±9.2 
70±37.8 
93±27.0 
331±165.6 
289±149.8 
155±39.4 
128±42.2 
176±61.4 
272±154.5 
142±50.5 
178±62.9 
146±51.S 
114±42.5 
76±30.4 
94±30.9 
72±19.8 
6S±29.6 
57±26.3 
36±2.4 
17±2.0 
IS±2.2 
18±4.9 
16±4.0 
16±4.0 
14±1.9 
9±1.9 
37±21.4 
7±2.0 
7±2.0 
7±2.0 
7±2.0 
6±1.0 
6±1.0 
6±1.0 
7±1.2 
9±4.0 
Appendix 4.24 
DATA USED TO GENERATE GRAPHS SHOWING AMOUNTS OF 15N 
RECOVERED IN THE LEACHATE vs TIME 
mg 15N m-2 RECOVERED 
TIME SUBSOILED L YSIMETERS Mean NON-SUBSOILED LYSIMETERS 
(days) SSl SS2 SS3 SS5 SS6 (±S.e.) NSI NS2 NS3 NS5 NS6 
10 0 0.05 0.6 0.06 0.3 0.2±O.1 0.5 0.0 0.4 0.25 0.2 
20 1.0 0.05 0.1 0.2 0.1 0.3±O.2 35.1 0.4 19.7 0.3 0.4 
30 0.5 0.05 0.05 0.07 0.0 O.I±O.I 0.0 0.3 SO.3 0.5 1.0 
40 1.5 0.05 0.1 3.55 0.2 1.I±O.7 S17.3 9.4 125.4 IS.6 IS.6 
50 1125.S 727.2 927.3 372.4 19.8 634.5±197.S S77.9 366.2 486.6 75S.1 105.4 
60 988.3 476.6' 301.0 401.4 436.2 520.7±120.5 1530.2 456.5 316.1 50.2 225.S 
70 496.7 456.5 316.1 316.1 346.2 3S6.3±37.8 476.6 245.S 195.7 145.5 55.2 
80 521.8 105.3 336.1 295.9 361.2 324.1±66.8 376.3 275.9 200.7 105.4 95.3 
90 411.4 1168.9 321.0 ISO.6 366.2 489.6±174.2 456.5 275.9 255.9 25.1 75.3 
100 90.3 702.4 351.2 145.5 1103.7 478.6±189.6 371.3 461.6 275.9 25.1 30.1 
110 175.6 727.5 356.2 180.6 1680.7 624.1±282.5 476.6 657.2 426.4 80.3 95.3 
120 125.4 652.2 351.2 110.4 2332.9 714.4±416.4 476.6 1264.3 426.4 45.2 15.1 
130 155.5 877.9 461.6 165.6 953.2 522.8±169.9 265.9 666.2 150.5 45.2 35.1 
140 170.6 903.0 496.7 145.5 777.6 49S.7±153.9 175.6 431.5 75.3 20.1 40.1 
150 125.4 752.5 401.4 150.5 787.7 443.5±141.9 295.9 461.6 105,4 72.3 85.3 
160 185.6 727.5 436.1 140.5 903.0 478.6±148.9 235.8 431.5 95.3 80.3 25.1 
170 140.5 752.5 255.9 10Q.4 170.6 283.9±1l9.9 105.4 140.5 11Q.4 10.0 25.1 
180 225.8 326.1 306.0 110,4 105,4 214.7±46.8 120,4 230.8 50.2 10.0 25.1 
190 331.1 551.9 190.6 130.4 95.3 259.9±83,4 5.0 205.7 45.2 35.1 12.5 
200 321.1 326.1 160.5 110.4 10.0 IS5.6±61.3 5.0 275.9 55.2 25.1 12.5 
210 777.6 311.0 10.0 115,4 5.0 243.S±I44.5 5.0 170.6 60.2 50.2 2.5 
220 150.5 516.7 30.1 75.3 10.0 156.5±93.2 5.0 50.2 5.0 2.5 0.5 
230 652.2 210.7 10.0 5.0 1.0 175.8±125.6 2.5 25.1 1.0 2.5 1.0 
240 526.8 316.1 5.0 5.0 1.0 170.8±107.6 2.5 15.1 1.0 5.0 7.5 
250 75.3 125.4 10.0 10.0 1.0 44.3±24.3 5.0 2.5 1.0 5.0 1.5 
260 150.5 10.0 5.0 10.0 1.0 35.3±28.8 1.0 2.5 1.0 25.1 2.0 
270 15ll.5 5.0 5.0 5.0 1.0 33.3±29.3 1.5 2.5 1.0 2.5 0.5 
280 25.1 5.0 10.0 0.5 0.5 S.2±4.6 1.0 2.5 230.S 2.5 0.5 
290 10.0 10.0 10.0 0.5 0.5 6.2±2.3 1.5 4.5 50.2 1.1 0.5 
300 10,0 5.0 1.0 0.5 0.5 3A±1.9 2.5 0.1 5.0 0.9 0.5 
310 10.0 5.0 1.0 0.5 0.5 3,4±1.9 1.0 0.1 2.5 0.5 0.5 
320 \5.1 5.0 1.0 O.S 0.5 4,4±2.8 1.0 0.1 2.5 0.3 0.5 
330 5.0 5.0 1.0 0.5 0.5 2,4±1.0 0.5 0.1 5.0 0.3 0.5 
340 5.0 5.0 1.0 0.5 0.5 2,4±1.I 0.5 0.1 2.5 0.3 0.5 
350 5.0 5.0 1.5 0.5 0.5 2.5±1.0 0.5 1.5 2.5 0.3 0.5 
360 5,0 5.0 2.0 0.5 0.5 2.6±1.0 0.5 4.5 2.5 0.3 0.5 
365 10.0 5.0 1.5 0.5 0.5 3.5±1.8 0.5 1.0 2.5 0.3 O.S 
271 
Mean 
(±s.e.) 
0.3±O.OS 
11.l±7.0 
16.4±15.9 
197.S±156.3 
5IS.S±138.1 
515.7±262.0 
223.S±70.6 
210.7±52.9 
217.7±77.2 
232.8±88.8 
347.2±1l2.7 
445.5±225.5 
231.8±115A 
148.5±75.6 
204.8±75.9 
173.6±73.2 
78.3±25.6 
87.3±40.6 
60.7±36.9 
74.S±51.0 
57.7±30.5 
12.6±9.4 
6,4±4.7 
6.2±2.5 
3.0±0.9 
6.3±4.7 
1.6±OA 
47.5±45.S 
11.6±9.7 
1.8±O.9 
0.9±O,4 
0.8±OA 
2.I±O.9 
1.0±0.4 
0.9±O.4 
I.S±O.S 
0.9±O.4 
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Appendix 4.25 
DA TA USED TO GEKERA TE GRAPHS SHOWING BROMIDE CON CENTRA TION vs 
DRAINAGE 
BROMIDE CONCENTRATION (mg Br r1) 
DRAINAGE SUBSOILED LYSIMETERS Mean NON-SUBSOILED LYSIMETERS Mean 
(nun) SSl SS2 SS3 SS5 SS6 (±S.e.) NS1 NS2 NS3 NS5 NS6 (±S.e.) 
0 0.0 0.0 0.0 0.0 0.0 O.O±O.O 0.0 0.0 0.0 0.0 0.0 O.O±O.O 
25 0.0 0.0 0.0 0.0 0.0 O.O±O.O 0.0 0.0 0.0 0.0 0.0 O.O±O.O 
50 0.1 0.2 0.1 0.1 0.1 0.12±O.02 0.6 0.2 4.9 0.1 0.1 1.18±O.93 
75 0.1 0.2 0.1 0.1 0.1 0.12±O.02 3.5 3.2 10.5 1.1 0.1 3.68±1.82 
100 3.0 2.9 1.1 0.9 0.1 1.6O±O.563 16.1 10.5 16.2 7.2 0.5 10. 1 D±2. 95 
125 15.8 10.5 5.3 5.9 0.2 7.54±1.89 38.9 23.0 21.1 19.2 1.7 20.78±5.92 
150 47.1 46.7 17.2 21.0 10.0 28.40±6.27 50.8 33.7 27.8 31.0 11.8 31.02±6.24 
175 72.0 47.6 32.7 43.5 35.5 46.26±8.40 65.0 38.8 31.5 24.5 12.9 34.54±8.73 
200 70.5 61.6 32.0 52.5 76.0 58.52±10.53 61.1 46.7 37.8 33.8 32.0 42.28±5.35 
225 60.8 68.9 33.6 58.0 96.0 63.46±10.55 50.1 53.9 44.5 32.9 42.3 44.74±3.60 
250 45.8 71.0 47.5 57.5 99.1 64. I 8±5.34 33.0 56.5 26.2 21.6 36.1 34.68±6.02 
275 27.9 62.5 57.5 47.0 69.9 52.96±6.01 20.0 48.8 14.0 7.1 12.7 20.52±5.36 
300 18.8 39.3 45.5 5.0 43.8 30.48±7.28 14.2 37.0 10.5 8.0 8.8 15.70±5.43 
325 13.9 26.5 23.5 9.0 22.7 19.12±3.48 9.8 16.5 8.2 14.0 6.4 10.98±1.87 
350 11.0 16.0 11.8 16.0 11.0 13.16±1.84 6.2 11.0 8.5 14.1 5.9 9. 14±1.54 
375 7.8 8.2 6.0 10.2 6.1 7.66±1.12 4.1 7.9 9.2 12.0 5.0 7.64±1.43 
400 5.1 5.9 3.0 6.1 3.5 4.72±0.97 3.0 4.0 10.3 12.0 4.0 6.66±1.86 
425 5.0 0.6 3.5 5.0 1.0 3.02±O.90 2.5 2.2 13.0 14.1 3.6 6.08±2.65 
450 6.2 4.0 3.2 1.1 1.5 3.20±1.02 2.0 4.9 10.5 11.2 4.0 6.52±1.83 
475 7.0 2.1 2.9 2.0 0.5 2.90±1.10 1.9 5.8 9.2 5.9 5.70±1.33 
500 6.2 3.2 3.0 5.8 0.4 3.72±1.07 1.5 3.9 - 5.8 3.73±O.96 
525 3.0 2.8 2.5 6.2 0.3 2.96±O.95 0.5 3.2 - - 5.9 3.20±1.20 
550 2.0 1.5 1.0 5.3 0.2 2.00±0.87 0.4 - - - -
575 2.5 1.5 1.2 4.0 0.2 1.88±O.48 0.4 - -
600 5.1 1.0 1.6 2.2 2.47±O.81 - - -
625 4.1 0.5 2.1 2.2 2.22±O.65 -
650 0.5 1.6 2.3 1.46±O.38 
675 1.0 1.3 - 2.2 l.50±0.09 - - -
700 - 3.0 - - - -
725 3.0 - - - - -
750 2.5 - - - - - - -
775 - 2.9 - - - - -
800 - 2.9 - - - - - -
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Appendix 4.26 
DATA USED TO GENERATE GRAPHS SHOWING BROMIDE CONCENTRATION vs 
TIME 
BROMIDE CONCENTRATION (mg Br r1) FOR EACH LYSlMETER 
TIME SUBSOILED LYSIMETERS Mean NON-SUBSOILED LYSIMETERS Mean 
(days) 
SSl SS2 SS3 SS5 SS6 
(±S.e.) 
NSl NS2 NS3 NS5 NS6 
(±S.e.) 
0 0.0 0.0 0.0 0.0 0.0 O. O±{). 0 0.0 0.0 0.0 0.0 0.0 O.O±{).O 
5 0.0 0.1 0.2 0.1 0.0 0.080±{).037 0.5 0.0 0.0 0.0 0.1 0.120±{).097 
10 0.0 0.1 0.1 0.1 0.0 0.060±{).024 0.5 0.0 0.2 0.0 0.1 0.16O±{).093 
20 0.2 0.1 0.1 0.1 0.0 0.100±{).032 0.6 0.2 4.1 0.1 0.1 1.020±{).776 
30 0.2 0.2 0.1 0.1 0.1 0.140±{).025 3.6 0.2 12.3 0.2 0.1 3.280±2.35I 
40 5.8 5.3 0.5 2.8 0.5 2.980±1.133 24.8 6.0 18.6 5.2 2.0 11.32±4,40 
50 60.0 46.9 38.0 27.5 14.3 37.34±7.85 53.5 25.5 28.9 31.3 13.8 30.60±6,47 
60 74.1 46.8 32.5 47.2 47.8 49.68±6.74 66,4 34.8 31.3 28.3 14.5 35.06±8.56 
70 71.8 51.0 27.3 50.3 63.2 5272±7.51 65.0 36.6 33.8 25.8 16.5 35.54±8.15 
80 69.7 59.5 30.2 53.3 77.3 58.00±8.08 63.5 39.2 36.2 24.0 22.0 36.98±7,42 
90 67.5 66.8 34.0 55.2 90.2 62.74±9.15 62.0 42.8 39.0 25.6 27.8 39.44±6.51 
100 66.5 69.0 37.8 56.3 98.5 65.62±9.89 60.1 47.0 41.8 26.1 33.2 41.64±5.84 
110 65.5 69.9 41.5 57.0 101.8 67. 14±9.93 58.6 51.2 45.9 27.6 38.0 44.26±5.35 
120 63.0 71.0 44.5 57.9 69.5 61.18±4.79 57.0 57.3 49.5 30.5 42.0 47.26±5.05 
130 61.0 09.0 48.6 58.8 61.5 59.78±3.28 51.8 55.9 46.0 32.0 42.2 45.58±4.13 
140 59.9 65.6 52.7 59.6 59.6 59,48±2.05 46.1 52.8 40.9 33.9 42.6 43.26±3.10 
ISO 58.8 60.3 55.3 60.5 39.7 54. 92±3.92 41.0 50.7 36.2 35.5 42.8 41.24±274 
160 56.5 50.7 56.2 59.0 30.0 50,48±5.30 32.2 47.7 31.8 37.0 43.0 38.34±3.IO 
170 55.0 42.0 52.1 58.1 8.2 45.08±7.24 24.8 45.6 26.9 38.6 43.7 35.92±5.28 
180 50.0 35.2 48.8 56.8 12,4 40.64±7.88 14.0 42.0 23.2 35.7 37.5 30,48±5.17 
190 42.6 30.0 46.9 55.0 9.5 36.80±7.93 12.6 39.2 20.3 31.6 26.0 25.94±4.57 
200 54.1 24.8 33.8 53.8 6.8 30.66±7.62 10.5 35.9 17.0 29.0 13.1 21.10±4.87 
210 25.3 9.6 16.7 52.5 4.4 21.70±8.46 9.3 30.2 18.9 25.0 10.0 18.68±4.10 
220 15.2 4.0 12.9 42.0 2.3 IS.28±7.13 8.2 24.0 12.2 20.9 7.5 14.56±3.36 
230 9.8 3.9 9.3 16.1 1.0 8.020±2.611 6.7 16.8 11.1 16.2 6.0 11.36±2.28 
240 5.0 3.8 3.8 11.8 2.0 5.280±1.699 3.2 11.8 10.0 12.0 5.8 8.560±1.743 
250 5.7 3,7 3.3 16.1 2.3 6.220±2.53I 2.9 10.5 8.6 8.5 4,4 6.980±1,425 
260 6.3 2.5 2.7 5.0 0.5 3,400±1.017 2.3 10.0 8.5 7.1 4.2 6.420±1.405 
270 6.0 2.2 2.9 5.5 0.5 3,420±1.031 2.1 6.6 8.4 7.2 3.0 5 .460±1. 231 
280 2.0 1.0 1.1 2.0 0.2 1.260±{).340 1.0 2.1 13.0 12.5 4.1 6.540±2.585 
290 2.5 2.0 1.9 3.9 0.3 2. 120±{).578 0.9 5.1 12.5 14.1 5.0 7.520±2.491 
300 3.5 2.3 2.0 5.3 1.0 O. 820±{). 737 0.9 5.2 12.0 14.3 5.3 7.540±2.4S1 
310 4.5 2.9 2.1 6.5 1.2 3.440±{),938 0.5 5.3 11.5 14.0 5.8 7.420±2.397 
320 5.0 3.0 2.2 6.2 1.3 3.S40±{).903 0.5 5.4 11.0 13.5 5.9 7.260±2.280 
330 4.5 3.1 2.3 6.0 1.3 3.440±{).827 0.5 5.5 10.8 13.2 6.0 7.200±2216 
340 4.0 3.2 2.5 5.9 1.4 3,400±0.757 0.5 4.8 10.3 13.0 5.9 6.900±2.181 
350 3.5 3.2 2.0 5.8 1.5 3.200±0.748 0.5 4.0 10.0 12.5 5.9 6.580±2.131 
360 3.0 3.2 1.0 5.7 1.5 2.880±{).822 0.5 2.2 9.5 12.2 5.8 6.040±2.184 
365 3.0 3.2 1.0 5.6 1.5 2. 860±{). 805 0.5 1.0 9.5 12.0 5.8 S.760±2272 
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Appendix 4.27 
DATA USED TO GEl'.Tf:RA TE GRAPHS SHOWING THE PERCENTAGE OF 
BROMIDE RECOVERED IN THE LEACHATE VS TIME 
BROMIDE % RECOVERY (of the total amount applied) 
TIME SUBSOILED LYSIMETERS Mean NON-SUBSOILED LYSIMETERS Mean 
(days) SSl SS2 SS3 SS5 SS6 (±S.e.) NS1 NS2 NS3 NS5 NS6 
(±S.e.) 
10 0 0.Q2 0,03 0,03 0.07 0.03±O.01 0,03 0.0 0.02 0,03 0,03 0.OW.OO6 
20 0 0.4 0.03 0,03 0.Ql O. 09±O. 07 0.4 0.04 0.8 0.02 0.03 0.25±O.15 
30 0.02 0.4 0.2 0,03 0.02 0.13±O.07 0.5 0,03 2.3 0.4 0.02 0.6±O.4 
40 1.2 0.3 0.4 1.1 0.1 0.6±O.2 4.2 1.03 3.5 0.4 0.4 1.9±O.8 
50 13.2 10.5 10.4 8.1 3.7 9.2±1.6 13.4 6.7 6.4 8.4 2.4 7.5±1.8 
60 10.6 5.4 2.1 5.5 8.2 6.4±1.4 9.7 4.1 3.4 1.6 2.7 4.3±1.4 
70 3.8 4.9 2.0 3.0 4.8 3.7±O.6 2.1 2.9 2.6 1.5 1.6 2.I±O.3 
80 4.1 4.5 2.1 3.2 10.4 4.9±1.4 1.9 2.5 2.2 1.2 1.8 1.9±0.2 
90 2.3 4.6 1.6 2.2 10.5 4.2±1.6 2.0 3.2 2.3 0.7 1.4 1.9±OA 
100 2.3 4.7 1.7 1.6 9.4 3.9±1.5 0.9 3.5 2.5 1.6 1.6 2.0±0A 
110 0.5 4.5 1.7 1.4 10.9 3.8±1.9 1.7 4.8 3.9 0.5 1.9 2.6±0.8 
120 1.0 4.8 2.5 1.9 1.7 2.4±O.7 3.1 8.0 4.1 0.7 1.1 3.4±1.3 
130 1.2 3.9 2.3 1.5 1.9 2.W.5 1.3 3.7 0.9 0.7 0.9 1.5±0.6 
140 0.9 3.6 2.3 1.7 1.8 2.0±0.9 1.9 0.8 1.3 0.9 0.9 1.1±O.2 
150 0.8 3.3 2.9 1.4 1.6 2.D±1.0 1.7 2.1 0.6 0.6 1.5 1.3±O.3 
160 0.9 2.5 1.8 1.5 1.1 1.6±0.6 2.1 2.2 0.8 0.7 0.9 1.3±O.3 
170 1.4 1.9 2.6 1.3 1.6 1.8±O.5 0.4 1.4 0.9 1.1 0.9 0.9±O.2 
180 1.7 2.6 1.8 1.4 0.2 1.5±O.9 3.9 1.9 0.9 1.2 0.9 1.8±O.6 
190 1.7 1.2 2.2 1.9 0.2 1.4±O.8 0.7 1.0 0.6 1.6 0.8 0.9±O.2 
200 2.1 1.2 1.9 0.8 0.4 1.3±O.7 0.4 1.3 0.6 1.0 1.1 0.9±O.2 
210 4.0 2.5 1.7 1.2 0.3 1.9±1.4 0.7 1.0 0.4 0.5 0.3 0.6±O.1 
220 2.5 1.2 0.7 1.7 0.1 1.2±0.9 0.9 0.8 0.9 0.5 0.8 0.8±O.07 
230 2.1 0.4 0.9 0.8 0.1 0.9±O.8 0.7 0.3 0.6 0.1 0.3 O.4±O.1 
240 0.7 0.8 1.1 1.5 0.1 0.8±O.5 0.1 0.6 0.2 0.1 0.8 0.4±O.1 
250 0.9 0.7 0.3 1.4 0.1 0.7±O.5 0.1 0.5 0.2 0.2 1.4 0.5±O.2 
260 0.5 0.1 0.8 1.7 0.2 0.7±O.6 0.1 0.8 0.3 0.6 0.5 0.5±O.1 
270 0.2 0.3 0.3 0.2 0.1 0.2±O.1 0.1 0.9 0.6 5.8 1.2 1.7±1.0 
280 1.2 0.1 0.5 0.9 0.2 0.6±O.5 0.1 0.8 6.1 4.4 0.2 2.3±1.2 
290 0.1 0.2 0.1 0.5 0.1 0.2±O.2 0.1 0.3 2.1 0.3 0.2 0.6±O.4 
300 0.1 0.1 0.2 0.5 0.1 0.2±O.2 0.1 0.6 0.2 0.3 0.2 0.3±O.08 
310 0.1 0.1 0.1 0.7 0.2 0.2±O.3 0.1 0.2 0.2 0.5 0.2 O.W.07 
320 0.2 0.1 0.1 0.2 0.1 0.I±O.05 0.1 0.3 0.2 0.5 0.2 0.3±O.07 
330 0.2 0.1 0.2 0.7 0.2 0.3±O.2 0.1 0.5 0.2 0.3 0.2 0.3±O.07 
340 0.1 0.1 0.1 0.2 0.2 0.I±O.05 0.1 0.2 0.1 0.1 0.2. 0.I±O.02 
350 0.1 0.1 0.1 0.1 0.2 O.I±O.04 0.1 0.2 0.1 0.2 0.4 0.2±O.05 
360 0.2 0.1 0.1 0.2 0.1 0.I±O.5 0.1 0.2 0.2 0.2 0.3 0.2±O.03 
365 0.1 0.1 0.1 0.2 0.1 O.I±O.04 0.1 0.5 0.3 0.2 0.3 0.3±O.06 
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Appendix 4.28 
Dry bulk density of soil in subsoiled lysimeters at end of experiment. 
SOIL SUBSOILED L YSIMETERS 
DEPTH 
SSl SS2 SS3 (em) SS5 SS6 Mean s.e. 
0-5 1.075 1.131 0.966 1.171 1.222 1.113 0.044 
5-10 1.323 1.317 1.225 1.309 1.175 1.270 0.029 
10-15 1.267 1.326 1.191 1.181 1.200 1.233 0.028 
15-20 1.458 1.303 1.198 1.204 1.238 1.280 0.048 
20-25 1.314 1.280 1.221 1.253 1.095 1.232 0.038 
25-30 1.294 1.430 1.320 1.231 1.150 1.285 0.047 
30-35 1.583 1.333 1.371 1.396 1.285 1.393 0.051 
35-40 1.468 1.485 1.539 1.455 1.384 1.466 0.025 
40-45· 1.386 1.618 1.512 1.543 1.442 1.500 0.040 
45-50 1.378 1.280 1.427 1.782 1.303 1.434 0.091 
50-55 1.224 1.264 1.539 1.373 1.213 1.323 0.061 
55-60 1.427 1.420 1.585 1.405 1.294 1.426 0.046 
60-65 1.442 1.244 1.331 1.293 1.230 1.308 0.031 
65-70 1.548 1.346 1.152 1.334 1.500 1.376 0.070 
70-75 1.440 1.342 1.289 1.231 1.426 1.345 0.040 
75-80 1.355 1.343 1.259 1.186 1.577 1.344 0.066 
80-85 1.589 1.497 1.353 1.291 1.229 1.392 0.066 
85-90 1.542 1.488 1.458 1.538 1.301 1.466 0.044 
90-95 1.579 1.471 1.418 1.524 1.591 1.516 0.033 
95-100 1.608 1.433 1.596 1.378 1.188 1.441 0.077 
100-105 1.664 1.463 - 1.247 2.029 1.281 0.345 
Continued overleaf 
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Appendix 4.28 continued 
Dry bulk density of soil in non-subsoiled lysimeters at end of experiment. 
SOIL NON-SUBSOlLED LYSIMETERS 
DEPTH 
(em) NS1 NS2 NS3 NS5 NS6 Mean s.e. 
0-5 1.028 1.033 1.352 1.139 1.129 1.136 0.059 
5-10 1.329 1.234 1.180 1.140 1.648 1.306 0.091 
10-15 1.172 1.263 1.075 1.180 1.216 1.181 0.031 
15-20 1.257 1.199 1.168 1.086 1.147 1.171 0.028 
20-25 1.394 1.408 1.303 1.261 1.254 1.324 0.033 
25-30 1.508 1.506 1.147 1.211 1.192 1.313 0.080 
30-35 1.468 1.498 1.301 1.424 1.365 1.411 0.035 
35-40 1.449 1.572 1.290 1.606 1.456 1.475 0.056 
40-45 1.486 1.473 1.481 1.651 1.578 1.534 0.035 
45-50 1.562 1.634 1.683 1.818 1.573 1.654 0.047 
50-55 1.448 1.502 1.543 1.725 1.541 1.552 0.047 
55-60 1.410 1.515 1.382 1.541 1.614 1.492 0.043 
60-65 1.337 1.498 1.438 1.638 1.581 1.498 0.053 
65-70 1.298 1.285 1.503 1.425 1.429 1.388 0.042 
70-75 1.083 1.327 1.883 1.453 1.505 1.450 0.131 
75-80 1.306 1.420 1.374 1.548 1.563 1.442 0.050 
80-85 1.513 1.476 1.664 1.519 1.484 1.531 0.034 
85-90 1.522 1.309 1.532 1.453 1.575 1.478 0.047 
90-95 1.671 1.349 1.574 1.312 1.305 1.442 0.076 
95-100 1.576 1.472 1.531 1.599 1.487 1.533 0.025 
100-105 - 1.572 1.691 1.707 1.362 1.266 0.323 
Appendix 4.29 
TOTAL % NITROGEN IN SOIL AT END OF EXPERIMENT 
(Subsoiled lysimeters) 
Soil SUBSOILED L YSIMETERS 
Depth 
SSl SS2 (em) SS3 SS5 SS6 
0-5 0.2763 0.2907 0.2974 0.2937 0.3109 
5-10 0.2451 0.2473 0.2598 0.2617 0.2521 
10-15 0.2475 0.2377 0.2532 0.2729. 0.2636 
15-20 0.2079 0.2331 0.2729 0.2514 0.2516 
20-25 0.1199 0.1209 0.2000 0.1746 0.1921 
25-30 0.0754 0.0734 0.1385 0.1050 0.1519 
30-35 0.0436 0.0467 0.0863 0.0629 0.1177 
35-40 0.0357 0.0398 0.0607 0.0498 0.0862 
40-45 0.0275 0.0324 0.0456 0.0385 0.0623 
45-50 0.0201 0.0274 0.0392 0.0314 0.0465 
50-60 0.0161 0.0259 0.0348 0.0236 0.0317 
60-70 0.0152 0.0199 0.0237 0.0173 0.0256 
70-80 0.0198 0.0238 0.0158 0.0198 0.0266 
80-90 0.0145 0.0150 0.0147 0.0191 0.0226 
90-100 0.0182 0.0179 0.0161 0.0176 0.0218 
100-105 0.0146 0.0131 - 0.0161 0.0207 
Mean SS 
0.278 
0.208 
0.208 
0.243 
0.162 
0.109 
0.071 
0.054 
0.041 
0.033 
0.026 
0.020 
0.021 
0.017 
0.018 
0.016 
Continued overleaf 
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TOTAL % NITROGEK IN SOIL AT END OF EXPERIMENT 
(Non-subsoiled lysimeters) 
Soil NON-SUBSOILED LYSIMETERS 
Depth 
NSI NS2 NS3 NS5 NS6 (cm) 
0-5 0.2729 0.2701 0.2871 0.3198 0.3125 
5-10 0.2308 0.2365 0.2572 0.2470 0.2707 
10-15 0.2355 0.2423 0.2531 0.2552 0.2736 
15-20 0.1996 0.2181 0.2385 0.2490 0.2688 
20-25 0.1104 0.1244 0.2189 0.1816 0.2265 
25-30 0.0787 0.0823 0.1577 0.1352 0.1386 
30-35 0.0579 0.0581 0.1184 0.0947 0.1004 
35-40 0.0461 0.0467 0.0856 0.0593 0.0725 
40-45 0.0407 0.0418 0.0576 0.0472 0.0543 
45-50 0.0364 0.0363 0.0462 0.0406 0.0458 
50-60 0.0302 0.0280 0.0370 0.0311 0.0375 
60-70 0.0225 0.0250 0.0314 0.0266 0.0287 
70-80 0.0215 0.0207 0.0285 0.0223 0.0283 
80-90 0.0191 0.0230 0.0255 0.0213 0.0198 
90-100 0.0171 0.0199 0.0227 0.0179 0.0257 
100-105 - 0.0187 0.0218 0.0251 0.0179 
Mean NS 
0.292 
0.248 
0.252 
0.235 
0.172 
0.118 
0.086 
0.062 
0.048 
0.041 
0.033 
0.027 
0.024 
0.022 
0.021 
0.021 
Appendix 4.29 continued 
% CARBON IN SOIL AT END OF EXPERIMENT 
(Subsoiled lysimeters) 
Soil SUBSOILED L YSIMETERS 
Depth 
(cm) SSI SS2 SS3 SS5 SS6 
0-5 4.19 3.92 4.35 3.83 4.23 
5-10 3.20 2.92 3.20 3.28 3.57 
10-15 2.93 2.92 3.04 3.33 3.66 
15-20 2.69 2.89 3.27 3.26 3.60 
20-25 1.69 1.47 2.43 2.26 3.23 
25-30 1.19 0.99 1.90 1.55 2.67 
30-35 0.65 0.65 1.20 0.94 2.15 
35-40 0.49 0.46 0.68 0.64 1.34 
40-45 0.39 0.42 0.52 0.59 1.06 
45-50 0.46 0.40 0.48 0.52 0.78 
50-60 0.33 0.32 0.52 0.45 0.68 
60-70 0.29 0.30 0.36 0.49 0.51 
70-80 0.29 0.31 0.22 0.45 0.65 
80-90 0.28 0.17 0.14 0.42 0.39 
90-100 0.20 0.19 0.15 0.30 0.39 
100-105 0.14 0.14 - 0.22 0.19 
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Mean SS 
4.104 
3.234 
3.176 
3.142 
2.216 
1.660 
1.118 
0.722 
0.596 
0.528 
0.460 
0.390 
0.384 
0.280 
0.246 
0.172 
280 
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% CARBON IN SOIL AT END OF EXPERIMENT 
(Non-subsoiled lysimeters) 
Soil NON-SUBSOILED LYSIMETERS 
Depth 
NS1 NS2 NS3 NS5 NS6 (em) 
0-5 4.67 4.20 4.11 4.02 5.36 
5-10 2.74 2.97 3.38 3.50 3.75 
10-15 2.91 3.17 3.10 3.28 3.77 
15-20 2.44 2.92 3.27 3.23 3.64 
20-25 1.28 1.62 2.93 2.41 3.19 
25-30 0.78 0.98 2.06 1.85 1.86 
30-35 0.61 0.59 1.71 1.20 1.55 
35-40 0.45 0.54 0.99 0.62 0.93 
40-45 0.36 0.41 0.63 0.51 0.60 
45-50 0.29 0.35 0.64 0.50 0.59 
50-60 0.26 0.22 0.52 0.43 0.45 
60-70 0.30 0.18 0.41 0.40 0.41 
70-80 0.38 0.19 0.70 0.43 0.28 
80-90 0.14 0.22 0.41 0.65 0.14 
90-100 0.25 0.19 0.47 0.45 0.22 
100-105 - 0.21 0.21 0.24 0.12 
II Mean NS 
4.472 
3.268 
3.246 
3.100 
2.286 
1.506 
1.132 
0.706 
0.502 
0.474 
0.376 
0.340 
0.396 
0.312 
0.316 
0.195 
Appendix 4.30 
SOIL 15N RECOVERY AT END OF EXPERIMENT 
[AS % OF N APPLIED] 
(Subsoiled lysimeters) 
Soil L YSIMETER NUMBER 
depth 
SSl SS2 SS3 SS5 SS6 (em) 
0-5 12.734 11.603 10.487 14.837 11.816 
5-10 5.767 4.654 4.984 4.458 3.600 
10-15 2.787 2.967 2.796 3.074 2.061 
15-20 2.051 2.405 2.066 2.241 1.218 
20-25 0.964 0.972 1.012 1.349 0.638 
25-30 0.621 0.384 0.649 0.956 0.482 
30-35 0.445 0.275 0.495 0.731 0.413 
35-40 0.271 0.275 0.355 0.283 0.297 
40-45 0.201 0.211 0.290 0.429 0.197 
. 45-50 0.113 0.117 0.171 0.481 0.089 
50-60 0.189 0.186 0.593 0.617 0.133 
60-70 0.196 0.130 0.376 0.699 0.165 
70-80 0.154 0.108 0.267 0.562 0.213 
80-90 0.166 0.069 0.212 0.646 0.066 
90-100 0.131 0.046 0.177 0.630 0.042 
100-105 0.039 0.021 - 0.228 0.006 
I TOTAL II 26.831 I 24.244 I 24.937 I 32.221 I 21.439 II 
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Mean s.e. 
12.295 0.729 
4.693 0.353 
2.737 0.177 
1.996 0.205 
0.951 0.120 
0.619 0.097 
0.472 0.074 
0.296 0.015 
0.267 0.044 
0.194 0.073 
0.344 0.107 
0.314 0.105 
0.261 0.079 
0.232 0.107 
0.205 0.109 
0.059 0.042 
25.934 I 1.794 I 
282 
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SOIL 15 N RECOVERY AT END OF EXPERIMENT 
[AS % OF N APPLIED] 
(Non-subsoiled lysimeters) 
Soil L YSIMETER NUMBER 
depth 
(cm) NS1 NS2 NS3 NS5 NS6 
0-5 8.778 10.479 7.874 15.176 8.735 
5-10 3.169 4.092 2.531 2.447 3.284 
10-15 1.651 2.236 1.575 1.621 1.105 
15-20 1.361 1.449 1.145 0.984 0.603 
20-25 0.525 0.779 1.051 0.577 0.473 
25-30 0.411 0.691 0.641 0.404 0.242 
30-35 0.465 0.441 0.591 0.297 0.165 
35-40 0.288 0.353 0.544 0.217 0.134 
40-45 0.219 0.363 0.312 0.181 0.140 
45-50 .0.213 0.199 0.372 0.221 0.086 
50-60 0.278 0.260 0.707 0.373 0.179 
60-70 0.197 0.165 0.583 0.314 0.180 
70-80 0.248 0.196 0.778 0.294 0.156 
80-90 0.218 0.181 1.019 0.324 0.070 
90-100 0.138 0.148 0.601 0.187 0.142 
100-105 - 0.086 0.130 0.047 0.017 
I TOTAL II 18.161 1 23.842 I 20.455 1 23.663 115.715 II 
Mean s.e. 
10.208 1.312 
3.105 0.298 
1.637 0.180 
1.109 0.150 
0.681 0.106 
0.478 0.030 
0.392 0.074 
0.307 0.070 
0.243 0.041 
0.218 0.046 
0.359 0.092 
0.288 0.078 
0.334 0.113 
0.363 0.168 
0.243 0.089 
0.056 0.024 
20.367 1 1.572 I 
Appendix 5.1 A sample input file for the LEACHN model 
NITRTEST ATM-wATER-NITROGEN-CARSON-TEMPERATURE-PLANT-INTERACTION 
(A value must be present for each item, although it may not be used) 
Date type (US:1 UK:2) 
Starting date 
Read theta(l) or pot'1(2) 
No. of water applications 
Cycles through data 
K-Th-h from PSD:yes(l)no(O) 
PROFILE DETAILS 
1 
071190 Ending (date or day no.) 
2 
163 No. chemical applications 
1 No. of crops 
1 Trace l(on) O(off) 
283 
000364 
1 
5 
o 
Profile depth (rom) 
Segment thickness (rom) 
.1050E+04 Bottom boundary condition 
.0500E+03 :1 or 5,water table depth 
5 
.10S0E+04 
FOR UNIFORM PROFILE: (Any non-zero value here will override those in the 
table of hydrological characteristics below unless K-Th-h calc. from PSD). 
Soil bulk density Mg/cu.m .OOOOE+OO Air -entry value' kPa -.OOOOE+OO 
Exponent in Campbell's eq .OOOOE+OO Sat'd K values (mm/day) .OOOOE+OO 
CROP DATA 
Plants present: 1 yes, 0 no 
Max(actual tran/potl tran) 
Roots: Const(1);growing(2) 
Root length (not used) 
1 Wilting point (soil) kPa -.1500E+04 
.1100E+01 Min. root water pot'l(kpa) -.3000E+04 
1 Max.root water pot'l(kpa) .OOOOE+OO 
.4000E+Ol Root flow resistance term .1050E+Ol 
DIFFUSIONjDISPERSION 
Molecular diffusion 
coefficient (mm2/d) 
(Bresler's eq.) 
Do .1200E+03 Dispersivity (rom) 
DIFA .1000E-02 
.0700E+03 
DIFB .1000E+02 
NUMBER OF OUTPUT FILES 1 
- .OUT file -- .SUM file ----
units: 1 mgjkg, 2 mg/m2 2 Summary print interval (d) 7 
Node print frequency 1 Three depth segments for the summary 
Print options: 1, 2 or 3 2 file (O's default to thirds of the 
1: Time intervals/print 1 profile) (rom): 
2: days/print 364.0 Surface to (depth l?J 000 
3: No. of prints (even) 4 Depth 1 to (depth 2?J 000 
Tables printed: 1,2 or 3 2 Depth 2 to [depth 3?J 000 
************************************************************************** 
************************************************************************** 
TIMES AT WHICH * . OUT FILE IS DESIRED (if print option - 3) 
Date or 
Day no. 
122692 
010193 
Time of day Date or Time of day 
(to nearest tenth) Day no. (to nearest tenth) 
----------------.----------.----------------
.2 
.5 
122888 
010489 
.6 
.0 
************************************************************************* 
INITIAL PROFILE DATA 
I NITROGEN POOLS I CARBON POOLS 
SOIL TEM I UREA NH4 N03 Litter Humus Manure I Litter Humus Manure 
LAYER C I --mg/kg dry soil-- I -mg/kg dry soil-
1 6.5 00.0 2.4 1.7 000 2550 000 0000 28800 0000 
2 6.6 00.0 4.1 1.1 000 2560 0.0 0000 29000 0.0 
3 6.8 00.0 3.0 1.5 000 2070 0.0 0000 30500 0.0 
etc. up until e.g., in this case 
21 9.0 00.0 0.0 0.0 000 160 0.0 0000 1100 0.0 
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Concentration (mg/l) below the profile (NH4 and N03) 
.0.0 . 
**************** •••• **.*******.**.*.*********************************** 
**************** ••• * •• *.****.********* •• ************.****************** 
Soil Particle size distribution Match K(h) at: 
Layer Clay Silt Rho Organic K Matric Retenti vi ty 
no. carbon pot'l regression 
% % kg/dm3 % mm,/d kPa model no. 
1 27. 25. 1.42 2.9 144. O. 5 
2 27. 25. 1.20 2.9 144. O. 5 
3 27. 25. 1.29 3.1 144. O. 5 
4 26. 23. 1.43 2.6 49. O. 5 
etc. continued for each layer up to e.g., in this case 
21 8. 13. 1.30 0.1 2512. O. 5 
Particle densi ty kgjdm3: Clay Sand Organic matter 
2.65 2.65 1.10 
************************************************************************* 
************************************************************************* 
Soil IStarting values I Hydrological Characteristics I Root 
layer I I I fraction 
no. I Pot' 1 or Theta I AEIJ BCAM KS I (for canst 
1 
2 
21 
I kPa I kPa mm,/d I root distr) 
I I I 
-0010.0 0.0000 -.300E+00 3.00 
-0010.0 0.0000 -.300E+00 3.20 
144. 
144. 
etc. continued for each layer up until 
-0010.0 0.0000 -.300E+00 7.00 2512 
0.606 
0.133 
0.009 
*********************************************************************** 
CROP DATA 
Crop Start Emergence Maturity Harvest Rel. Crop Plant Pan Annual N 
no Root Plant root cover density factor uptake 
....•..•. Date or Day no •.......... depth frac not used kg/ha 
1 071190 071290 071390 071390 
2 093090 071290 071390 071390 
093090 
113090 
1.00 
1.00 
1.0 . 400.00 
1.0 400.00 
1.00 
1.00 
40 
40 
etc. 
**************************************************************************** 
**************************************************************************** 
CHEMICAL PROPERTIES 
Name 
UREA-N' 
NH4-N' 
N03-N' 
, LI'ITER-N' 
HUMUS-N' 
, MANURE-N' 
, LI'ITER-C' 
HUMUS-C' 
, MANURE-C' 
C02-C' 
Kd 
l/kg 
.1000E+01 
.3000E+01 
.OOOOE+OO 
(Species number refers to the subscript in the 
code, which is not necessarily the order in 
which they appear in input and output files. 
Do not change this order. The name of a 
pool can be changed eg Manure to Faeces, but 
not its concept. The names between the quotes 
are the names that will be used in the output.) 
If a tracer is needed, use the first chemical 
(UREA). Set its Kd to 0 and the urea hydrolysis 
rate constant to O. 
TEMPERATURE AND WATER CONTENT EFFECTS ON RATE CONSTANTS 
0.5 (Synthesis efficiency factor) 
0.2 (Humification fraction) 
11.0 (CjN ratio:biomass and humus) 
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1 (Temperature subroutine? yes(l), no(O) 
20 (Base temperature: at which rate constants below apply) 
3 (Q10: factor by which rate constant changes per 10 C increase) 
.OS (High end of optimum water content range: air-filled porosity) 
-300 (Lower end of optimum water content: matric potential kPa) 
-1500 (Minimum matric potential for transformations kpa) 
0.6 (Relative transformation rate at saturation (not denitrification)) 
** ••• ****.**.******* •• ****** ••• ******************************************* 
************************************************************************** 
RATE CONSTANTS (day ** -1) (All rate constants may vary with depth) 
Urea hydr NH4->N03 N03->N Mineralization 
Layer Litter Manure Humus 
1 .3600e-0 .200E-0 0.10e-00 .010e-0 .020e-0 .700e-4 
2 • 3600e-0 .200e-0 0.10e-00 .010e-0 .020E-0 .700E-4 
3 .2400e-0 .200e-0 0.10e-00 .010e-0 .020E-O .700E-4 
4 .lS00e-0 .200e-0 0.10e-00 .010e-O .020e-0 .700E-4 
5 • 1600e-0 .200e-0 0.10e-00 .010e-0 .020e-0 .700E-4 
etc. continued for each layer up to 
21 . 1600e-0 .200e-0 0.10e-00 .010e-0 .020e-O .700E-4 
Additional rates and constants used for calculating N transformations: 
0.0001 (Ammonia volatilization from the surface l/day) 
10.0 (Denitrification half-saturation constant mgjlitre) 
S.O (Limiting N03/NH4 ratio in solution for nitrification) 
*************************************************************************** 
RAIN/IRRIGATION AND NITROGEN SPECIES IN WATER 
START AMOUNT RATE UREA AMMONIUM-N NITRATE-N 
Date or Time of rom mm;day . ......... mgjl ........... 
Day no. Day 
(10th) 
071190 .5 004.0 2880.0 0.2S0E+OS O.OOOE+OO O.OOOE+OO 
071190 .6 010.0 120.0 O.OOOE+OO O.OOOE+OO O.OOOE+OO 
071290 .5 001.2 120.0 O.OOOE+OO O.OOOE+OO O.OOOE+OO 
071690 .5 006.0 120.0 O.OOOE+OO O.OOOE+OO O.OOOE+OO 
072990 .5 001.3 120.0 O.OOOE+OO O.OOOE+OO O.OOOE+OO 
etc. continued until 
071191 .5 000.2 120.0 O.OOOE+OO O.OOOE+OO O.OOOE+OO 
************************************************************************* 
************************************************************************* 
NITROGEN AND CARBON APPLICATIONS (kg/ha) 
----------
DATE OR INCORP'N NITROGEN CARBON 
DAY NO. (segments, UREA NH4 N03 LI'ITER MANURE LI'ITER MANURE 
must be >0) 
371 1 50 0 0 50 20 1000 500 
*.************************************************************************ 
************************************************************************** 
POTENTIAL ET (WEEKLY 'IOTALS, rom), DEPTH TO WATER TABLE (rom) 
MEAN WEEKLY TEMPERA'IURES AND MEAN WEEKLY AMPLI'IUDE (degrees C) 
WEEK NO. ET WATER TABLE MEAN TEMP AMPL 
1 05.2 1750. 05.8 5.3 
2 05.5 1750. 05.6 5.0 
3 05.9 1750. 07.9 4.9 
4 
etc. continued up to 
52 04.7 1750. 03.8 3.2 
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LYSIMETERS WITHOUT EDGE·FLOW: 
AN IMPROVED DESIGN AND SAMPLING PROCEDURE. 
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14 ABSTRACT 
15 
16 A new lysimeter design and sampling procedure which prevents edge-flow from occurring in large 
17 soil monolith lysimeters is described. An internal cutting ring at the base of the lysimeter casing 
18 produces a small armular gap between the soil monolith and the wall of the casing. This gap is filled 
19 with liquefied petrolatum which provides a water-tight seal around the edge of the lysimeter. Water 
20 and solutes are therefore unable to 'leak' between the monolith and casing. The use of petrolatum as 
21 a sealant is suitable for water flux and nutrient leaching studies, but is not suitable for pesticide 
22 studies.The lysimeter has a tension drainage system installed in the base and is transported to the 
23 lysimeter laboratory on a specially designed air-bag suspension trailer. 
24 INTRODUCTION 
25 
26 Lysimeters have been used since the mid-19th century in a wide variety of soil and environmental 
27 research programmes. The word 'lysimeter' is derived from the Greek lysis; meaning dissolution or 
28 disintegration, and metron; to measure. Lysimetershave thus been used to collect and measure the 
29 amount (and composition) of drainage water from a defined volume of soil. Weighing lysimeters 
30 . have also been used to make direct measurements of evapotranspiration. Early lysimeter studies at 
31 Rothamsted Experimental Station in England were used to I study the amount and composition of 
32 drainage through unmanured and uncropped land' (Miller, 1906). During the late 1930s,lysimeters 
33 were constructed at Coshocton, Ohio, and were originally used to investigate the basic laws relating 
34 to agricultural hydrology (Harrold and Dreibelbis, 1958, 1967). Other studies have examined the 
35 leaching loss of nitrogen from fertiliser applied at different rates to soil under a variety of soil 
36 conditions (e.g. Morgan et al., 1942) or under different crops (e.g. pfaff, 1963). Recently,lysimeters 
37 have been used in labelled (e.g. lSN) nutrient balance studies (e.g. Chichester and Smith, 1978; 
38 Dowdell and Webster, 1980; Barraclough et al., 1984). Indeed, guidelines for waste disposal and 
39 fertilizer use appear to be increasingly dependent O!1 results obtained from lysimeter studies designed 
40 to assess the risk of groundwater contamination. Lysimeter studies must therefore be accurate and 
41 involve a minimum risk of error. 
42 
43 Early lysimeters were constructed by undermining an area of soil and inserting perforated iron plates 
44 to support the soil. Trenches were then dug around the soil block to enable walls to be constructed 
45 in order to isolate the soil monolith. Drainage water that passed through the base-plate was 
46 collected and analysed. These early lysimeters were difficult to produce and were restricted to in 
47 situ measurements over a limited range of soils generally available at a single location. These 
48 limitations led to other designs of lysimeters being adopted in which the soil to be studied was re-
49 filled into tanks. This procedure was easier than excavating a monolith and allowed a range of soils 
50 to be studied at one location. However re-filled lysimeters have been criticised due to the artificial 
51 nature of the system and the alteration of many of the natural soil conditions, including the pathways 
52 for water and solute flow (e.g. Cassel et al., 1974). Recent advances in lysi~eter design and 
53 sampling procedures have enabled large undistuIbed soil monoliths to be collected and returned to a 
54 central laboratory in order to conduct experiments under standard conditions (e.g. Belford, 1979; 
55 Brown et al., 1985; Persson and Bergstrom, 1991). Although these undisturbed monolith lysimeters 
56 retain the natural structure and pore system present in the field soil, there is still some uncertainty 
57 about the possible influence of edge-flow of water and solutes between the monolith and the 
58 lysimeter wall (fill and McCabe, 1976; Wild and Cameron, 1980; Cameron et al., 1990; Persson 
59 and Bergstrom, 1991). 
60 
61 The objective of this work was to improve the design and sampling procedures oflarge undisturbed 
62 monolith lysimeters in order to prevent edge-flow from occurring. 
63 Lysimeter casing design 
64 
65 Lysimeter casings were manufactured from steel plate (5 mm thick) rolled and welded to produce a 
66 cylinder 1200 mm high by 800 mm diameter. An internal cutting ring was also manufactured from 
67 steel plate (5 mmthick x 100 mm high) and rolled to fit inside one end of the lysimetercylinder 
68 where it was welded in place (Fig. 1). A small section (10 mm) of cutting ring was left protruding 
69 from the lower edge of the cylinder. This protruding edge was bevelled (45R) using an angle 
70 grinder. 
71 
72 
73 Lysimeter sampling procedure 
74 
75 Lysimeters were collected from two different soil types: (i) Wakanui silt loam (Ustochrept) (six 
76 lysimeters), which is poorly drained with approximately 30 em of silt loam above a clay loam 
77 subsoil, and (li) Templeton silt loam (Udic Ustochrept) (twelve lysimeters) which has 
78 approximately 30 cm of silt loam above a sand loam and sand layered subsoil (Kear et al., 1967). 
79 Each lysimeter sampling area within each field site was spray irrigated and allowed to drain to 'field 
80 capacity' (as measured by tensiometers). A small hydraulically operated digger was then used to 
81 excavate a trench (500 mm wide x 1200 mm deep) along one side of the sampling area in order to 
82 assist with sampling. The lysimeter casing was placed on the soil surface at a distance of at least 
83 500 mm from the trench. A steel top-plate (805 mm dia. x 5 mm thick) was placed on the lysimeter 
84 casing. A 10 tonne hydraulic ram was positioned on the top-plate below either the bucket of a front-
85 end loader or 'a reaction frame' anchored into the ground by augers. Before operating the hydraulic 
86 ram, the soil and 'root mat' directly below the cutting edge was cut using a sharp knife. An annular 
87 trench (c.2oo mm deep) was then dug around the lysimetercasing in order to reduce the pressure 
88 required to collect the soil monolith (Belford, 1979). When the ram was extended the lysimeter 
89 casing simply shaved a thin layer off the exposed monolith directly below the cutting edge (Fig. 1). 
90 This procedure was repeated until the lysimeter casing was almost completely filled. 
91 
92 The top-plate was removed and the annular gap between the monolith and the casing, which had 
93 been created by the internal cutting ring, was packed with 1100 mm lengths of flat steel (25 mm 
94 width x 5 mm thickness). These packing rods were used to secure the soil monolith within the 
95 casing in order to avoid damage during transportation. Any remaining head-space between the top 
96 of the monolith and the position of the top plate was packed with a layer of sand placed on a 
97 polythene sheet over the soil surface. The top-plate was then replaced. 
98 
99 A steel frame was constructed around the base of the lysimeter in order to push a cutting plate under 
100 the lysimeter and so detach it from the underlying soil (Plate 1). The frame was manufactured from 
101 two sections of channel steel (38 x 76 x 2400 mm) bolted to two end sections of box steel (75 x 50 x 
102 880 mm). A shaped wooden block was used as a spacer between the frame and the lysimeter casing. 
103 A steel cutting -plate (850 x 850 x 7 mm) with a sharpened cutting edge was then pushed under the 
104 lysimeter using the hydraulic ram. If necessary, water was sprayed onto the cutting-plate to lubricate 
105 its passage beneath the soil monolith. Once the cutting-plate was in position below the base of the 
106 lysimeter the reaction frame was dismantled. The soil monolith and lysimeter casing were clamped 
107 between the top plate and cutting plate using four steel lifting-rods (25 rom diameter x 1205 rom) 
108 which were inserted through holes in the top-plate and the cutting-plate. The lifting rods were held 
109 in position with nuts on their threaded ends. Lifting hooks and chains were attached to rings on the 
110 top ends of the lifting-rods and the whole assembly carefully lifted from the trench using a front-end 
111 loader. Each lysimeter took approximately eight person hours to collect. 
112 
113 
114 Lysirneter tension drainage system 
115 
116 A tension drainage system was installed in each lysimeter to ensure that realistic field conditions 
117 were maintained at the base. To do this the lysimeter was gently inverted on a specially constructed 
118 lifting frame (plate 2). The frame was prefabricated and assembled on site, thus allowing it to be 
119 transported easily to different locations. 
120 
121 A large circular steel clamp (800 rom Ld. x 250 rom high) was secured around the centre of the 
122 lysimeter (plate 2). The metal clamp had two externally mounted stub axles (70 mm dia. x 45 rom) 
123 which protruded from diametrically opposite sides. 
124 
125 The lysimeter and clamp assembly was lifted using a 1.5-tonne chain hoist attached to the top of the 
126 lifting frame. The stub axles on the clamp were then located above two cups on the frame uprights 
127 and the assembly lowered until the stub axles were located in and supported by the cups. The stub 
128 axles were then bolted to the lifting frame through their pivot points. The lifting tackle was detached 
129 allowing the lysimeter to be gently inverted by hand in this 'mid-air' position. The lifting tackle was 
130 then attached to the base of the lysimeter and it was lowered to the ground. The lifting rods were 
131 detached and the inverted cutting-plate removed. 
132 
133 A 100 mrn depth of subsoil was carefully removed from the base of each monolith. The base of the 
134 Wakanui soil was then 'peeled' with a cellulose acetate/acetone mixture (20%, w/v). The mixture 
135 was applied liberally to the base and allowed to harden. When the hardened mixture was removed 
13 6 from the base a thin layer of soil was removed (1-2 mm), which opened up any soil pores blocked 
137 during the excavation (Cameron et ai., 1990). This was unnecessary in the Templeton soil due to 
138 the sandy nature of the subsoil. 
139 
140 A hollow copper tube (5 rom o.d.) with holes (2 mm Ld.) drilled at 50 rom spacings along its length 
141 (2500 mm) was positioned in a zig-zag pattern across the base. The copper tube had a fine nylon 
142 mesh (0.2 rom mesh) wrapped around it to prevent possible blockage of the drainage holes. This 
143 tube was designed to act as part of a fast drainage collection system. A slow drainage system was 
144 installed by packing fine «70 mID) (' Snowsil 75' Mintech Minerals N.Z. Ltd) silica sand into the 
145 base of the lysimeter, around two hollow porous plastic tubes (20 rom pore diameter) attached to a 
146 stainless steel 'T' pipe in the centre of the base. Both the 'fast' and 'slow' drainage pipes were then 
147 fed through holes in a permanent drainage table base. The new base was attached using the lifting 
148 rods in a similar manner as the cutting plate. The lysimeter assembly was re-inverted as described 
149 previously. 
150 
151 
152 Lysimeter transportation, instrumentation and installation 
153 
154 The lysimeter assembly was lowered directly onto the deck of a specially constructed dual-axle 
155 trailer and bolted into position. The trailer was designed with enhanced air suspension in order to 
156 dampen the effects of road-shock which could otherwise have caused damage to the soil monolith. 
157 
158 Once the lysimeter had been unloaded at the laboratory site, holes (25 rom diameter) were drilled 
15 9 through the casing at selected depths. A screw auger was then used to extend the holes into the 
160 central region of the soil monolith. A range of instruments was inserted into these holes (e.g. 
161 tensiometers, gas samplers, thermistors). 
162 
163 Each lysimeter was then lowered into place in the laboratory until its surface was level with that of 
164 the soil at ground level (plate 3) and supported by three legs. When the lysimeter was secure, the 
165 top-plate and packing rods were removed. The annular gap around each monolith was inspected and 
166 found to have remained undisturbed. The drainage base plate was sealed to the casing by applying a 
167 thin layer « 10 rom) of silicon sealant ('Siliflex', New Zealand Expandite Ltd), which was later 
168 covered with a layer of adhesive ('Ara1dite' K2002, 5 minute rapid set adhesive paste; Ciba Geigy 
169 2000 Range Adhesives). 
170 
171 
172 Sealing the iysimeter edge 
173 
174 Thirty litres of petrolatum (Snow White Petrolatum; Shell Chemicals) was liquefied by heating it 
175 (approximately SORC) in a drum placed on a hot plate. The liquefied petrolatum was pumped 
176 manually through a small copper coil which was heated by a gas burner and connected to a 1100 
177 mm length of straight copper tube (3 rom o.d.). Petrolatum was first delivered to the bottom of the 
17 8 annular gap and the copper tube withdrawn from the lysimeter as the level of petrolatum rose within 
179 the gap (until the annular gap was completely filled up to the soil surface). The liquefied petrolatum 
180 was observed to flow freely from one delivery point to completely surround the side of the soil 
181 monolith. The petrolatum cooled rapidly on contact with the soil. Visual examination of the soil in 
182 a prototype lysimeter showed that the petrolatum did not penetrate into the soil monolith. Once 
183 cool, the solidified petrolatum provided a water-tight seal which prevented edge-flow from 
184 occurring. 
185 
1 a 6 Petrolatum is a suitable sealant for water flux and nutrient leaching studies but is unsuitable for 
1 a 7 pesticide studies due to the lipid soluble properties of most pestiCides. 
1aa 
1 a 9 Preliminary research work using smaller lysimeters (200 rom dia. x 250 rom) demonstrated that 
190 -large differences in water and solute flow can occur if a conventionallysimeter design is used and 
191 the edge of the monolith is not sealed (Cameron et al., 1990). Hydraulic conductivity rates were two 
192 times higher in conventional unsealed lysimeters compared with sealed lysimeters using the new 
193 design (Fig. 2). Solute leaching rates were also reported to be faster, with the more rapid emergence 
194 of surface applied tracers in the leachate emerging from the conventional unsealed lysimeters 
195 (Fig. 3). 
196 
197 As the full length of the soil monolith was 'sealed' with petrolatum, any accidental undercutting of 
19 a the side of the monolith during sampling was of no consequence. Similarly any voids created by the 
199 removal of stones from below the cutting edge were fUled with petrolatum and could therefore not 
200 influence soil water flow. Both of these problems are difficult to overcome with the conventional 
2 0 1 straight walllysimeter design. 
202 
203 Lysimeters can also be collected from stony soils using this technique because the petrolatum seal 
204 ensures that there is no gap between the stones and the casing. This is particularly useful for 
205 studying leaching losses from soils above gravel aquifers. 
206 
207 
20 a Drainage collection system 
209 
210 The drainage outlets were attached to sealed 20 litre collection vessels. Each vessel was attached 
211 through a separate inlet port to a vacuum line which enabled a controlled amount of suction to be 
212 transmitted to the lysimeter base. The suction applied was equivalent to the field soil matric 
213 potential measured at 'field capacity' at 1100 rom depth. Collection vessels are emptied manually 
214 once 15 litres (approximately equivalent to 0.05 pore volumes of drainage) h~s accumulated 
215 (plate 4). Subsamples of the leachate are taken for chemical analyses. 
216 
217 
21 a Current Iysimeter experiments 
219 
220 The lysimeters are currently being used to measure the leaching losses of nitrogen (ISN) and sulphur 
221 esS) from animal urine returns on pasture soils. The results of these experiments will be reported 
222 separately. 
223 Lysimeter weighing system 
224 
225 Evapotranspiration losses are monitored by two lysimeters which sit on weighingplatfOlms (800 x 
226 800 x 100 mm) containing four shear-beam load cells connected to a commercially available 
227 electronic recording system (Toledo Scales, Toledo, U.S.A.). The system has a resolution of 0.1 kg 
228 in 2000 kg and can record changes in soil water content equivalent to 0.2 mm from these lysimeters. 
229 Results from the weighing system are obtained by direct printout activated by a time switch. The 
230 weighing lysimeter system is currently being used to calibrate evapotranspiration equations for 
231 Canterbury, New Zealand, conditions. 
232 
233 
234 Soil sampling procedures 
235 
23 6 Upon completion of the experiment, soil samples were collected from the lysimeters. To do this 
237 each lysimeter was gently inverted, as described previously, and the drainage systems were carefully 
238 removed. A large circular wooden block (780 mm diameter x 100 mm deep) and anew circular 
239 steel base plate (780 mm diameter x 5 mm deep) were then placed inside the lysimeter casing and 
240 secured into position using two cross bars. Each cross bar (900 mm long x 100 mm wide x 5 mm 
241 deep) was connected to two lifting rods. The lifting rods were secured in position with nuts and the 
242 lysimeter assembly was then re-inverted, as described earlier. The lifting tackle was released from 
243 the lifting rods and re-attached to the steel clamp surrounding the mid-height of the casing. The 
244 lysimeter was then lifted until a steel support frame (530 x 530 x 1000 mm) could be placed 
245 underneath. The cross bars, lifting rods and top plate were removed. Subsequently the chain hoist, 
2 4 6 now attached to the clamp, was used to gently lower the lysimeter casing to expose a portion of the 
247 soil monolith. The presence of the petrolatum around the edge of the monolith enhanced the ease 
248 with which this procedure was carried out. Soil could then be sampled from 5 em depth increments 
249 within the lysimeter. The petrolatum was readily removed using a knife and soil samples were 
250 carefully collected using a small steel cutting plate (260 mm x 400 mm) which had a sharpened 
251 cutting edge and a wooden handle. This was pushed horizontally into the son and the procedure 
252 repeated until samples had been obtained from all required depths throughout the full profile of the 
253 soil monolith. 
254 
255 
256 CONCLUSIONS 
257 
258 A new lysimeter design and sampling procedure has been used to collect undisturbed soillysimeters 
259 in which edge-flow of water and solutes is prevented. One of the major long-standing criticisms of 
260 lysimeter results arising from the uncertainty of edge-flow between the soil monolith and lysimeter 
2 61 casing can now be avoided. 
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Plate 1 
Plate 2 
Plate 3 
Plate 4 
Plate 5 
Lysimeter casing showing internal cutting ring and sampling procedure. 
Measured hydraulic conductivity rates in sealed and unsealed lysimeters (Adapted 
from Cameron et ai., 1990). 
Solute leaching rates in sealed and unsealed lysimeters (Adapted from Cameron et 
at., 1990). 
A cutting plate is used to detach the monolith from the underlying soil. 
The lysimeter is gently inverted to instal a tension drainage system. 
The lysimeter is lowered through the roof of the underground laboratory. 
In the laboratory, leachate is collected from drainage vessels for subsequent analysis. 
At the end of the experiment, the soil in the lysimeter can be sampled by simply 
Sliding the outer casing off the monolith in controlled depth increments. 
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ENCLOSURE 2 
Cameron, K.C. and Fraser, P.M. (1991) Lysimeters Destroyed. 
WISPAS Publication No. 50, November 1991, ISSN 0110 0815. 
L YSJMETERS D ESTROY ED! ! 
For Ihe paf.1 yea r. leacha le . lI d pla nl ~3 "' I) l e~ ha ve been collected fr om 
l~elvc Iysimetcrs in th e und,:rgl t.1 und lahoratory aI Li ncoln Uni't' cr hy 
(see Wispas . 41 ). In J ul y IS'9I. Ihe Iysirne ters ""ere rem ved fr o m Ihe 
laborato ry and painsta kingl y sliced inlo 5 em d eplhs ror a na lysis. 
The l:xp."i mem is dt:signed 0 sw d)' the fale o f lI ilr ogel1 aod sulphur in 
a c ·. ·· s urine palch u nde ' a IY I ica l border- dyk e nood irrigali on 
re nIe . T he iysi melcrs were collect d in 1990 rro m a Templeto n sand 
loam pas(Ure soH on the University Resea rch Farm. T Iys i l n et~ r 
caSings w<le care fully d ug into the ground to en case an u ndislurbed 
monolit h of soil (800 mm d iameter x 1200 mOll . E~ ch Iy ,"leler was 
then det. hed fro m th e underly ing ~ oi l (Plale I J. lifl cd fr om the Irench 
and moun led 11 a pcciall y con Iructed frame (P late 2). A large 
Circular 51< d clamp was secured aro und Ihe Iys llneler an d Ihe assembl . 
111£: iysimeters had a ra n f~ of inslrumen ls and sampl el insrall 
horizoltla liy Ihr ough Ihc casings before b";ng lowe"d through the 
roof o f Ih e undergrou nd I lbo ralOry (PTa Ie 3). The surface of each 
Iysimeler was alig~ed wil h s r fa ce o f the paddock to ensure lha t 
norma l fidd condilions v' erC ma inta ined fo r planl growth . T he 
pos ibililY of edge . fl o w o f waler a nd solules be lw« n Ihc soil monolilh 
and he casing was removed by inj ecl ing liqui ried pelr olal rn illi O an 
annu la r 5 m Ol gap. 
O n J uly II . 1990. ca ' ll I imrl cr recei ve , 'lOgir applicalion or 
,imulilled cow uri nc (cqu iva lc n l 10 jOO kg Nand 0 kg S h3 ' ) labelled 
wil h " N (5 al o m '10) a nd " S. Sim ulated rainfall (10 mm) was appl ied 
immed iate ly I SlOp amm onia \'olal il isalion from occurrill g. Na tu ra l 
rain fa ll recei v d was supplern cn lcd .,ach III nih ir Ihe amoun l was less 
Iha I lhe TOO y ar 70lh pcrccnlilc. FI,)od irrigalio n IVa appli ed 10 each 
Iysimel" in accorda nce wi lh normal dis tri ci praclice . 
u-ch a, lc Ir om Ihe Iy simeter s lVas collected on O .O~ po re "o lul11< 
incremenls (1 5 li l res) 10 deler mine Ihe Nand S concenlrali on . lId "N 
and " S recovery (P la le 4) . 
One yea r a fl. r Ihe ur ine was ap plied Ihe Iysi el crs were rC lIl o "cd fro m 
the Jaboratory Each Iysi meter was arranged so th ai the cas ing could 
be lo wered 10 expo c 5 cm deplh incrcmcnl s of soil 1110noli lh fo r 
saJlIpling (P ial 5). P lanl rOOI den,il),. <."ractab le so il Nand S. 10la l 
soi l Nand S. a nd " N a nd " S rceo\er)' a rc being dele rmined for each 
depl h. A complelc mass balance o f nilrogtn and sulphur ~ l1 de r Ih e 
urine: pa tch will Ihe-reforc be po::.~ i blc. 
Kellh C. t. Ih:?'l"run an d Pu (rki ;, M I. FU1~fr 
cparlmtn l of Soli St ir n('< 
LIII /'olnr U ni~ fo rSi'ly 
Lysimeler de.WUCI;Olf rn j7v/' easy· lo-jollow sleps. ,Plales I 10 J ; lOp from 11'[1 10 fighl . Plates 4 and 5. bOllo", [ rom le[r 10 ri}l hl). 
ENCLOSURE 3 
Fraser, P.M. and Cameron, K.C. (1991) The/ate o/nitrogen under 
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THE FATE OF NITROGEN UNDER A URINE PATCH 
P.M. Fraser and K..C. Cameron 
Department of Soil Science 
Lincoln University 
Canterbury 
The fate of nitrogen in an animal urine patch was studied using six undisturbed soil 
monolith lysimeters (800 mm diameter x 1100 mm deep) sampled from a Templeton silt 
loam pasture soil. The lysimeters were transported to Lincoln University and installed in 
the underground lysimeter laboratory. In order to eliminate any possible edge-flow 
effects, liquefied petroleum jelly was injected around the monolith, ftiling the annular gap 
between the soil and the lysimeter casing. 
In July 1990, a two litre solution of simulated urine, labelled with 15N (5 atom % 
abundance), was applied to the surface of each lysimeter, at the rate of 500 kg N ha -1. 
During drier weather in both winter and spring, natural rainfall was supplemented using a 
rainfall simulator. In the summer and autumn periods, border dyke irrigation practices 
were simulated and no supplementary rainfall was applied. 
Drainage from each lysimeter was monitored and the leachate sampled to determine the N 
concentration and 15N recovery. 
Periodically, the pasture on the surface of the lysimeters was harvested, the botanical 
composition established by dissection into grass and clover fractions, and each fraction 
was subsequently analysed for nutrient content and 15N recovery. 
One full calendar year after the simulated urination event (July 1991), the lysimeters were 
removed from the laboratory and individually dissected to determine the amount of N and 
15N remaining in the soil profile. 
A complete mass balance for the N-cycle under an animal urine patch is therefore 
presented. 
ENCLOSURE 4 
Cameron, K.c. and Fraser, P.M. (1993). Lysimeter study o/the/ate 
0/ nitrogen in animal returns to pasture. Abstract of a paper to be 
presented at the xvnth International Grasslands Congress 
(Hamilton), February 1993. 
LYSIMETER STUDY OF mE FATE OF NITROGEN IN 
ANIMAL RETURNS TO PASTURE 
Keith C. Cameron and Patricia M. Fraser 
Department of Soil Science 
Lincoln University 
New Zealand 
Five large undisturbed soil1ysimeters (800 rom diameter x 1100 rom deep) were collected from a silt 
loam pasture soil in Canterbury; Each lysimeter had a tension drainage system installed in the base before 
being lowered into an underground laboratory. The surface of each lysimeter was set at ground level to 
ensure that the pasture plants grew under normal environmental conditions. 
Each lysimeter received a single application of simulated cow urine (equivalent to 500 kg N ha -1) labelled 
with 15N (5 atom % abundance). Flood irrigation was applied to each lysimeter in accordance with 
district practice. 
Pasture samples were harvested from the lysimeters at normal pasture grazing lengths and dissected for 
grass/clover composition. Dr.' matter yield, total N and 15N recovery were detennined on each fraction. 
Drainage from the lysimeters was collected in 0.05 pore volume increments (c. 15 litres) to determine the 
amount and concentration of nitrogen leached from the animal urine return. 
One year after the urine was applied, the lysimeters were removed from the laboratory and sectioned into 
5 cm depth increments. Total nitrogen, mineral nitrogen, 15N recovery, plant root density, and soil bulk 
density were determined for each depth. 
A complete mass balance of nitrogen will be presented to show the fate of nitrogen in the urine return to 
pasture. 
Keywords: 
nitrogen, leaching, urine, lysimeters, animal-returns. 
Preferred Congress Session: 
40: Soil Characteristics and Processes in Temperate Environments. 
ENCLOSURE 5 
MCLaren, R.O.; Cameron, K.C. and Fraser, P.M. (1992). The fate 
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The Fate of Sulphur in Animal Urine Returns 
K.C. Cameron, R.G. McLaren and P.M. Fraser 
Department of Soil Science, Lincoln University, Canterbury. 
This project was designed to determine the fate of sulphur in animal urine returns to pasture 
soil. Simulated cow urine, labelled with 35S (10,000 ",Ci), was applied at an equivalent rate 
of 50 kg S ha-1 to the surface of twelve monolith lysimeters. The lysimeters (800 mm 
diameter x 1200 mm deep) were collected from a Templeton silt loam pasture site on the 
Lincoln University research farm. Six of the lysimeters were collected from plots which had 
been loosened, one year previously, to a depth of 450 mm using a winged subsoiler. The 
other six lysimeters were collected from non-subsoiled soil. The lysimetets were installed in 
an underground facility which allowed plant gi"owth to continue under normal environmental 
conditions, whilst permitting access to the base for leachate collection. 
Drainage from the lysimeters was collected for a period of one year following simulated 
urine application (July 1991-1992). Leachate was analysed for sulphate and 35S activity. 
Plant samples were harvested at approximately monthly intervals and total sulphur plus 35S 
recovery determined. At the end of the experiment the lysimeters were dissected into 50 mm 
depth increments and the phosphate extractable sulphate plus 35S recovery in the soil 
determined. 
Results from the study will be presented and the differences between subsoiled and non-
subsoiled pasture soil examined;· 
